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  1 
Abstract 
Fibre optic sensors have been developed extensively over the past several decades, showing 
their potential and suitability for real-time measurement and thus meeting various industrial challenges.  
This has been achieved through the continuous innovation both in the fibre structural design and in the 
exploration of a variety of sensing mechanisms employed. Optical fibre sensors have shown advantages 
over conventional electrical counterparts by being of small size, immunity to electromagnetic 
interference and resistance to chemical attack, thus revealing their potential for a range of industrial 
applications. High-birefringence (Hi-Bi) optical fibres represent an important type of specialist fibres that 
have been explored widely by researchers. The focus of this thesis is to explore their potential for different 
sensing applications as the birefringence of these polarization maintaining (PM) fibres varies in response 
to the change in the surrounding environment, such as force and pressure. 
 Extensive evaluation of high-birefringence optical fibres, such as those with an elliptical core 
or elliptical inner cladding, Bow-Tie, Panda and Hi-Bi Photonic Crystal Fibres (PCFs), has been made 
both experimentally and theoretically, using numerical or analytical techniques. 
In this thesis, the material birefringence of Polarization-Maintaining fibres, e.g. PM side hole 
fibre(s) with one or two hole(s) located in its cladding, is calculated using a thermo-elastic displacement 
potential method through the superposition of sectional displacement potentials. These PM fibres have 
shown the potential for pressure/force measurement based on their birefringence characteristics when 
exposed to a transverse force. The methodology used is generic and thus applicable to any one-hole fibre 
structures, should the hole diameter or position vary in the fibre cladding, or the fibre hole be empty or 
filled in with any material.  This enables the analysis to be applied more widely in a range of optical fibre 
sensor applications. 
Direct measurement of transverse force through the interrogation of induced birefringence 
variation has also been investigated in this thesis by using two specialist single mode Polarisation-
Maintaining (PM) side-hole(s) fibres and four different types of Hi-Bi and low-Bi PCFs. The variation 
in the pressure sensitivity of these PM fibres has been investigated both theoretically and experimentally 
and it was confirmed that they are dependent upon several key parameters of the system, including the 
fibre structure, the magnitude and the direction of the applied external force, the fibre length used and 
the birefringence of the fibre.  The theoretical data obtained have shown a good agreement with those 
from experiments, confirming the suitability of the use of such PM fibres for the measurement of 
pressure, force and mass of an object, applied in different directions, over a wide range and in real time. 
  2 
It is concluded based on the theoretical and experimental data obtained that PCFs of low 
birefringence are more sensitive than those of high birefringence (Hi-Bi) although the former require a 
longer length to achieve a similar level of birefringence. Compared to conventional Hi-Bi fibres (e.g. 
Panda and Bow-Tie fibres), PCFs have demonstrated much lower temperature sensitivity and this 
suggests that they are well suited to measure pressure, force, and mass in real time when temperature 
varies by using a fibre loop mirror (FLM) configuration. To solve the length problem in the low 
birefringence PCFs, a joint PCF approach can be used by fusion-splicing a short length of Low-Bi with 
a short section of a Hi-Bi PCF and their sensitivity to lateral pressure has been investigated and reported 
in detail in this thesis.  
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1.1   Introduction  
The world has benefited enormously from the advancement of both electronic and optical 
technologies, in particular in the development of electrical and optical sensors. Electrical sensors have 
shown some limitations in terms of ultimate speed of function and environmental impact on their 
performance. Optical technologies offer the capacity of faster speeds and the ability to operate under 
harsher conditions with a higher sensitivity [1].  
Fibre Optic Sensor (FOS) technologies have been widely applied in optical devices and systems, 
have found extensive implementation in telecommunications, defence and aerospace and for 
measurement in bio-medical, automotive, chemical, manufacturing, energy, structural, petrochemicals, 
electronics, construction, civil infrastructure and medical industries. The technological advancement over 
the years has made FOSs an attractive alternative to conventional sensors for measuring pressure, 
temperature, humidity, vibration, viscosity, rotation, acceleration, strain, magnetic field, electric field etc. 
1.2 Motivation 
According to the sensing element, optical fibre sensors can be sub-classified into extrinsic and 
intrinsic sensors [1]. In extrinsic sensors, the optical fibres are only used to guide light to in and out of 
the fibre transducer and the optical signal is modulated by an external sensing part.  
In intrinsic sensors a part of the fibre is used as the sensing part, when the optical signal travels 
through this part, one of light characteristics is modulated by changes in the measurand.  
According to a report given by ElectroniCast (http://optics.org/news/3/6/27/SENSORSM) the 
value of FOSs systems will grow at an average annual rate of 20.5%. The consumption value of fibre 
optic point sensors and distributed fibre optic sensor system links will grow at an average annual rate of 
20.5% from $1.34 billion to $3.39 billion per year between 2011 and 2016. (Figure1.1) [2] 
Another report by BBC research [3] confirms that given a Compound Annual Growth Rate 
(CAGR) of 10.5%, the global market value of fibre optic sensors is calculated to increase to more than 
$2.5 billion in 2017. In the 5-year period between 2012 and 2017, the global market value for intrinsic 
sensors, as indicated in Figure 1.2, is calculated to increase at a moderate CAGR of 8.8% to more than 
$2.2 billion. The growth of the market value for extrinsic FOSs worldwide is expected to be stronger, 
with new products projected for the medical market. In 2012, total market value was estimated to be $72 
Chapter 1  Introduction 
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million. In the 5-year period between 2012 and 2017, the global market value for extrinsic FOSs is 
calculated to increase at a CAGR of 33.3% to $302.9 million. 
 
 
 
 
 
 
 
 
 
Figure 1.1 The value of fibre-optic sensor systems will grow at an average annual rate of 20.5%.[2] 
Figure 1.3 shows the global market classified based on the applications of sensors from 2009 to 
2016 and it is noticeable that the market for temperature and pressure sensors ranked to be the second 
based on the market data obtained from 2009 to 2011. This sector is expected to be worth $14 billion in 
2011 and $20 billion in 2016 [3]. 
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Figure 1.2 Global values for FOSs by type, 2010-2017 ($ Millions)[3] 
Figure 1.3 Global market for sensors, 2009-2016 ($ Millions [3] 
 
All the above statistics confirms that there is a strong industrial demand for temperature and 
pressure sensors and that the FOS market is growing rapidly.  Therefore the focus of this project is to 
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develop advanced optical fibre based temperature/pressure sensors, based on the technological 
advancement in the field of optical fibre sensors. This will be achieved by incorporating novelty both in 
fibre structural design and in the sensing mechanisms used.  
1.3 Aims and objectives of the work 
The aims and objectives of the work are to develop fibre optic lateral pressure sensors, either 
point or distributed, based on the birefringence characteristics of polarizing maintaining fibres. The 
research involves both theoretical analysis and experimental implementation and validation. Several 
types of High,  Medium and Low birefringence optical fibres, including  conventional fibre such as 
Panda, two special side hole with one-hole that has a hole diameter of 30 m and  Two-hole that has two 
holes with the same diameter of 27 m and also four different Photonic Crystal Fibres (PCFs) such as 
two standard hexagonal PCFs (Types 391b3 and 090329P), a Hi-Bi PCF (Type 070107P2), and a six-
hole PCF (Type 478b2) have been analyzed and evaluated extensively for various potential applications. 
Thus the main focus of the research in this dissertation includes: 
 Theoretical analysis of a non-symmetric polarization-maintaining single mode fibre for sensor 
applications  Investigation of single mode polarization-maintaining fibres for directional transverse force 
measurement  Evaluation of high birefringence single mode optical fibre-based pressure sensors for potential 
structural condition monitoring   Transverse pressure sensitivity of birefringent photonic crystal fibres  Transverse force sensitivity of joint photonic crystal fibres 
 
1.4 Structure of the thesis 
Chapter 2 includes more detailed background information about both conventional and optical 
fibre pressure sensors.  
Chapter 3 starts with theoretical discussions in relation to light wave propagation in fibres and 
mode coupling theory. The theoretical analysis of polarization maintaining fibres under lateral force is 
also discussed extensively in this Chapter. 
Chapter 1  Introduction 
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Chapter 4 details the fabrication process of optical fibre pressure sensors and their subsequent 
performance evaluation, coupled with the underpinning theoretical analysis   
 Chapter 5 summarizes the major achievements made throughout the project period in response 
to the aims and objectives set out in Chapter 1 and puts forward some ideas for future work.
Chapter 2  Background and review of … 
 9 
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2.1 Introduction  
The first attempts in history to measure pressure were made a long time ago [4]. In 1594 Galileo 
Galilei filed a patent for the design of a machine to pump water from a river for the irrigation of land. In 
his design a syringe was used as a pump and he reported that 10 meters was the maximum to which the 
water would rise in the suction pump [5], but there was no explanation for this phenomenon. Many years 
later and during the 17th century the first attempts, which involved the contributions from the famous 
scientists Torricelli and Pascal, were made to measure the pressure and this led to the birth of first 
prototypes of the barometer [6]. After that in 1643 Evangelista Torricelli, filled a one-meter long tube, 
hermetically sealed at one end, with mercury and set it vertically with the open end in a basin of mercury. 
The column of mercury invariably fell to about 760 mm, leaving an empty space above its level. Torricelli 
attributed the cause of the phenomenon to a force on the surface of the earth, without knowing where it 
came from. He also concluded that the space on top of the tube was empty, that nothing was there and 
called it a "vacuum"[7]. 
In 1647 Blaise Pascal heard about the experiments of Torricelli and was searching for the 
reasons of Galileo's and Torricelli's findings [8]. He came to a conclusion that the force, which keeps the 
column at 760 mm, is the weight of the air above. Thus, on a mountain, the force must be reduced by the 
weight of the air between the valley and the mountain. He predicted that the height of the column would 
decrease and this was subsequently proved with his experiments at the mountain Puy de Dome in central 
France [8] and from the decrease he could calculate the weight of the air. Pascal also formulated that this 
force, he called it "pressure", is acting uniformly in all directions [9]. Otto von Guericke in 1656 
developed new air pumps to evacuate larger volume of air and staged a dramatic experiment in 
Magdeburg by pumping the air out of two metal hemispheres, which had been fitted together with nothing 
more than grease [10]. Eight horses at each hemisphere were not strong enough to separate them [11]. In 
1660, Robert Boyle used "J"-shaped tubes closed at one end to study the relationship between the pressure 
and volume of trapped gas and the conclusion was made through Boyle’s law named after him: The 
product of the measures of pressure and volume is constant for a given mass of air at a fixed temperature 
[12] [13]. In 1738, Daniel Bernoulli developed an impact theory which was able to deduce Boyle’s law 
analytically. In 1820, Joseph Louis Gay-Lussac, a French physicist and chemist, verified Charles Gay 
Lussac law through experiments, confirming that the pressure increase of a trapped gas at a constant 
volume is proportional to the temperature [4]. 20 years later, William Thomson (Lord Kelvin) defined 
the absolute temperature [14] 
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In the 19th century, mechanical measurement technologies came to the forefront. In 
1843 Lucien Vidie, invented and built the aneroid barometer, which uses a spring balance instead of a 
liquid to measure atmospheric pressure [15]. The spring extension under pressure is mechanically 
amplified through an indicator system. Employing the indicator method of Vidie, Eugene Bourdon 
(founder of the Bourdon Sedeme Company) patented the Bourdon tube pressure gauge for higher 
pressure measurement [16]. This was certainly a positive step in a new area and after that the early 
pressure measurement methods were replaced by pressure transducers and transmitters. In the case of 
pressure measurement, a transducer is a device that converts the energy of applied pressure to another 
form of energy such as electric, magnetic, mechanic and so on and a gauge is an instrument used to 
measure pressure. 
The first electrical pressure transducers introduced in 1930 were capacitance-based [17]. The 
pressure change is reflected in the movements of diaphragms, springs or Bourdon tubes which form a 
part of a capacitor. E. E. Simmons from the California Institute of Technology and AC. Ruge from 
Massachusetts Institute of Technology independently developed the bonded strain gauges in 1938 [18]. 
The first foil strain gauges came up in 1955 with an integrated full resistor Wheatstone bridge, which 
was bonded on a diaphragm. The bonding connection of the gauges to the diaphragm was always the 
cause for hysteresis and instability. In the 1960's, Statham introduced the first thin-film transducers with 
good stability and low hysteresis [19]. Until today this technology still plays an important role in modern 
sensor designs for high pressure measurement. 
However, the above thin-film based transducers have shown limitations for low pressure 
measurement. To address this problem, William R. Poyle first produced a capacitive transducer based on 
glass or quartz and a few years later in 1979 Bob Bell produced similar capacitive transducers based on 
ceramic. Through the change in sensor substrate material lower pressure measurement can thus be 
achieved [17]. 
Modern sensor development started in 1967 at the Honeywell Research Center when Art R. Zias 
and John Egan applied for patents for the design of an edge-constrained silicon diaphragm [17]. 
Subsequently Hans W. Keller filed a patent for the batch-fabricated silicon-based sensor which has 
benefited significantly from the enormous progresses made in the IC industry starting from 1969 [17]. 
All the pressure sensors discussed above have included an important displacement or 
deformation element, which has a defined surface area and deforms as pressure changes. Thus, the 
pressure measurement can be translated to a measurement of a displacement or force. The device, which 
measure the displacement, are called transducers 
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2.2 Conventional pressure sensors 
2.2.1 Liquid manometer 
The liquid Manometer or Mercury Pressure Sensor is one of the oldest devices used for pressure 
measurement yet is simple and efficient. The sensor design is based on the hydrostatic balance principle. 
Figure 2.1 shows a liquid manometer pressure sensor in which a U-shaped wire is immersed into mercury 
with its resistance being changed in proportion with the height of mercury in each column [12]. The 
resistors are connected into a Wheatstone bridge circuit, which remains in balance as long as the 
differential pressure in the tube is zero. If additional pressure is applied to one of the arms of the tube and 
misbalances the bridge, this results in an output electrical signal. The higher the pressure in the left tube, 
the higher the resistance of the corresponding arm is and the lower the resistance of the opposite arm is. 
The output voltage is proportional to a difference in resistances of the wire arms.  
 
 
 
 
 
 
 
 
Figure 2.1 Mercury-filled U-shaped sensor for measuring gas pressure [9]. 
2.2.2 Mechanical pressure gauges and pressure transducers manometer 
In most conventional pressure sensors, the sensing element is a transducer, which is a 
mechanical device and undergoes structural changes under strain. In fact a conventional pressure 
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transducer is a device that converts an applied force or pressure into an electrical or mechanical signal. 
[20]-[23] 
In general, two steps are involved in measuring the force or pressure.  The first step is to sense 
the pressure, which is usually associated with the elastic deformation of a flexible membrane such as a 
Bourdon tube, bellows or a diaphragm [24], as discussed in Section 2.1, with its deflection being directly 
related to the pressure variation.  The second step is to convert the deflection into a more convenient form 
for display or recording or both [22][23]. 
Figure 2.2 shows a number of Bellows and Bourdon tubes which have been widely used as 
pressure sensitive elements. Despite the fact that they are in different shapes, including C, spiral, helix, 
and twisted, they are all made of metal. 
Bellows generally consist of a cylinder with flexible sides and rigid ends which can deflect 
under pressure. Bellows can be used as a sensing part of some transducers such as potentiometers and 
differential transformers [25]  
 
 
 
 
 
 
 
Figure 2.2 Elastic pressure-sensing elements.[9] 
Diaphragms are another type of widely used pressure sensing elements which can be configured 
in single or capsule arrangements [26]. As shown in Figure 2.2, diaphragm deflection is related to the 
difference between the pressures applied on either side, so this design can measure either absolute or 
relative pressure depending on the reference used.  When the diaphragms are configured to be a capsule 
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by welding two or an array of diaphragms together [26], as shown in Figure 2.2, internal pressure can 
thus be measured. A capsule diaphragm usually has a higher pressure sensitivity than that of a single 
diaphragm of the same size but with a longer response time.  Further enhancement of sensitivity can be 
achieved by increasing the number of diaphragms welded together, i.e. an array of diaphragms 
demonstrates a higher sensitivity than a capsule with two diaphragms. 
2.2.3 Electrochemical transducers  
Some metals have also been used as transducers as their resistance changes with strain. The two 
most widely used forms of variable resistance transducers are potentiometers and strain gauges. 
 Potentiometers are the simplest and cheapest transducers and Figure 2.3 shows a typical 
arrangement.  It includes a linear or angular wiper (or connecting rod as shown in the diagram) connected 
to a sensing element. The movement of the wiper arm, which is connected to an electrical resistance, 
changes the output voltage and thereby indicates the pressure applied on the sensing element. This type 
of arrangement is usually used for static or quasi-static measurements [27] 
The strain sensitivity of metals was first observed in copper and iron by Lord Kelvin in 1856 
[28]. The strain gauge is a device that changes electrical resistance due to stress. Strain gauges can be 
directly bonded to a flat or corrugated metal diaphragm [25][29]. An applied pressure changes the 
diaphragm strain and thus strain gauge resistance, which is usually detected in the form of a voltage from 
a suitable Wheatstone bridge arrangement.  
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Figure 2.3 Potentiometer pressure transducer [27] 
Another type of transducers is magnetic transducers in which the inductance characterizes the 
ability of a coil to resist any change in the current passing through it. Reluctance characterizes the 
capacity to induce a signal in a second coil [30][31]. Inductance and reluctance vary when an iron core 
move either inside a coil or between two coils. Figure 2.4 shows a Linear Variable Differential 
Transformer (LVDT) coupled to a Bourdon gauge as the sensing element [32]. The iron core can be 
coupled to a sensing element and therefore a change of pressure, which moves the iron core, can be 
detected when a current is passed through the primary coil. 
 
 
 
 
 
 
 
Figure 2.4 Pressure transducer that uses a Bourdon tube as sensing element and LVDT [26]. 
Chapter 2  Background and review of … 
 16 
LVDT is one of the most popular magnetic transducers. Due to the lack of contact between core 
and coils, the working life of an LVDT is long and friction and hysteresis are due to mechanical coupling 
eliminated.  
Capacitive transducers are another type of electromechanical pressure transducers as the 
capacitance between two plates depends on the distance between them and the distance can be altered 
through pressure variation. In this type of configuration, one plate of the capacitor can be employed as a 
diaphragm [24]. Capacitive transducers have demonstrated extreme ruggedness, long life, and can work 
under harsh conditions such as with temperatures up to 1100 C̊ [30], [34]. 
Figure 2.5 shows some key features of a typical capacitive pressure transducer, which can be 
made very small if silicon technology is used [25],[33]. Disadvantages of capacitance transducers include 
their temperature sensitivity [22], small output signals, and the influence of cable capacitance [32][34].  
 
 
 
 
 
 
 
Figure 2.5 Capacitive pressure transducer [25]. 
2.2.4 Piezoresistive transducers  
Piezoresistive transducers are based on the idea that a mechanical input such as pressure, force 
applied to a mechanical structure, e.g. diaphragms, beams or plates, causes the structure to experience 
mechanical strain [35]  
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As discussed above, two essential components are required to make a pressure sensor. They are 
a sensing element, such as a diaphragm, and a detector, which responds to deformation of the diaphragm, 
both of these components can be fabricated in silicon.  
A silicon- diaphragm pressure sensor consists of a thin silicon diaphragm as an elastic material 
and a piezoresistive gauge resistors made by diffusing impurities into the diaphragm [36]. They can be 
made as a strain gauge and bonded to a diaphragm, or they can be formed as an integral strain gauge 
diaphragm device. Piezoresistive strain gauges show a higher sensitivity than that of conventional 
metallic strain gauges [37], and furthermore, silicon has lower thermoelastic and creep effects. Their 
usual working pressure range is between 0.1 kPa to 100 MPa [34],[36]. These transducers are required 
to be protected from aggressive materials and their maximum operating temperature is about 120̊ C. They 
break easily if the pressure exceeds the maximum working pressure [22] and are not suitable for operating 
in wet conditions [22],[26]. Figure 2.6 shows the design of a typical piezoresistive diaphragm pressure 
transducer. 
 
 
 
 
 
 
Figure 2.6 Structure of a semiconductor pressure sensor [38] 
 
2.2.5 Piezoelectric transducers  
The piezoelectric effect was initially observed in 1880 by the Curie brothers [39][40]. Some 
materials, such as quartz, tourmaline, Rochelle salt, and barium titanate, do not have a centre of symmetry 
and they can produce an electric charge when they are subjected to a sudden change of pressure [30],[40]. 
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Quartz is the most common material used in piezoelectric pressure transducers due to their capability of 
withstanding against strain, low hysteresis, linearity [21],[26],[41]. 
Figure 2.7 illustrates such a piezoelectric pressure transducer. Piezoelectric pressure transducers 
have been widely used for transient pressure measurement due to their high natural frequency [23][26]. 
They do not show sensitivity to slow changes of pressure and therefore, they cannot be employed for 
static pressure measurements.  
 
                (a)                                                                                    (b) 
Figure 2.7 Piezoelectric pressure transducer using a diaphragm as a force-summing device (a) Schematic of 
pressure transducer (b) incorporating the diaphragm in the housing [42] 
 
2.3 Fibre optic pressure sensors  
2.3.1 Introduction  
Light guiding and bending studies go back to mid 19th century when D. Collodon and J. Babinet 
for the first time showed that the light could be guided in jets of water in 1841 [43], then in 1854 the 
British physicist J. Tyndall demonstrated this effect in his popular lectures on science. In 1880 [44], W. 
Wheeler patented a scheme for piping light through buildings [45] which included a net of pipes with 
reflective linings and diffusing optics to carry light through a building but this project was not successful. 
However the idea of light piping was finally converted into the design of optical fibres. During the 1920s, 
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J. L. Baird in England and C. W. Hansell in the United States patented the idea of image transmission 
through arrays of hollow pipes or transparent rods [45]. In 1930, H. Lamm, used a bundle of unclad 
optical fibres for image transmission although the quality of image was poor [45].  
Modern optical fibres technology began in 1953 when A. van Heel of the Technical University 
of Delft in Holland published his first report of clad fibre in Dutch-language weekly De Ingeneur [46]. 
He introduced the concept of a bare fibre of glass with a transparent cladding of lower refractive index, 
which was not just to protect the reflection surface from contamination, but also to greatly reduce 
crosstalk between fibres. 
The invention of the laser in 1957 provided a suitable light source for the research in optical 
fibres. In 1966 Kao and Hockman pointed out that purifying glass could dramatically improve its 
transmission properties [45].  
A year later, the first patent on fibre optic sensing had been filed by Menadier, C. Kissinger, and 
H. Adkins [47]. In 1970 the scientists from Corning Glass reported the revolutionary success that fibres 
made from extremely pure fused silica had shown losses below 20 dB/km at 633 nm.  Over the next few 
years, fibre losses dropped dramatically and this triggered the beginning of using fibres for many 
applications, for example as a sensor. After Menadier’s patent was published, Eli Snitzer used fibre optics 
for phase modulation in 1971 [48] and during the following years this technique was improved and has 
become one of the most important modulation techniques in fibre optic telecommunications and sensing. 
Extensive research in optical fibre sensing began in the late 1970s when J.H. Cole et al. [49] 
and J.A. Bucaro et al. [50] at the Naval Research Laboratory published a paper, for the first time, 
discussing the sensitivity of fibre optic acoustic sensors in the Journal of the Acoustical Society of 
America (JASA).  This was followed by a large volume of research focused on the design, interrogation 
and application of these sensors, enabling them being one of the most well developed fibre-optic sensors 
[51]-[53] 
Coupled with the technological advancement in sensing, applications of Optical Fibre Sensors 
(OFSs) have grown rapidly in different areas for measurement of a number of physical and chemical 
parameters, such as Temperature, Humidity, Strain, PH, curvature, displacement, rotation and pressure 
[54][60]. 
Over the past three decades, research on optical fibre pressure sensors has been buoyant as 
pressure has been recognized as the second most important physical parameter after temperature that is 
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required to be measured for various applications. Pressure can be measured over a very broad range from 
10-12 Pa, in extreme vacuum up to 10+12 Pa, in explosions [61].  
G. B. Hocker [62] was the first to measure pressure in 1979 using a fibre-optic Mach-Zehnder 
interferometer.  Fiels et al. [63] were the first to measure hydrostatic pressure in 1980 using optical fibre 
micro-bend technique. In 1982, Spillman [64] demonstrated the success of an extrinsic fibre optic 
pressure sensor based on the photoelastic effect. The appearance of High Birefringence (Hi-Bi) fibres in 
the sensing area created a new generation of fibre-optic sensors that are known as polarimetric fibre 
sensors, which relate polarization or phase modulation to various external perturbations.  
The first study on polarimetric (PM) pressure sensors was undertaken by Xi et al. [65] in 1986. 
This was followed by more extensive research in the field using a variety of polarimetric (PM) fibres 
with cores and claddings in different shapes, sizes and configurations. 
Since Photonic Crystal Fibres (PCFs) were first introduced by Knight et al. [66] in 1996, there 
has been a wide spectrum of research undertaken, exploring the potential of using these micro-structured 
optical fibres as sensors for various measurement applications [67], such as strain and temperature 
sensors [68][69] and hydrostatic pressure sensors [70][71]. Clowes et al. [72] reported a pressure 
sensitivity of a side-hole optical fibre sensor for downhole monitoring in oil wells. Polarimetric 
interferometric schemes have been investigated to interrogate the output of Hi-Bi fibre sensors. This 
method is highly accurate for measurement of deformation in short optical fibres, and it is very suitable 
for analysis of polarization-mode dispersion in Hi-Bi fibres. R. Passy et al. [73] have reported the effects 
of pressure on mode propagation by measuring the group delays with an all-fibre Michelson 
interferometer. Bock et al. [74] reported a fibre-optic polarization-sensitive intermodal interferometer for 
simultaneous measurement of pressure and temperature. Also they reported [75] a white light multiplexed 
pressure, strain, and temperature sensors by using Hi-Bi fibres as sensing elements for which their cross-
sensitivities could be compensated. A number of extrinsic fibre-optic pressure sensors have also been 
developed, including those based on Fabry–Pérot interferometers (FPI) [76] Fizeau interferometer [77], 
as well as Micro-Electro-Mechanical Systems (MEMs) based sensors [78]. 
Research on PM fibres has also been undertaken, exploring their potential as lateral 
force/pressure sensors based on their birefringence characteristics. Zhang et al. [79] have theoretically 
investigated the birefringence properties of a Panda-type PCF and shown that there is a dependence on 
the direction of the force being applied. Liu et. al. [80] reported a similar dependence on the direction of 
force for a simulated grapefruit-structured PCF. In order to improve the detection sensitivity of the PCFs 
to lateral pressure variation, various interrogation schemes, such as using fibre gratings [81] or an 
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interferometric configuration [82][83] were reported.  The work reported by Peng et al. [84] shows that 
when a standard hexagonal (low birefringent) PCF is used as a transverse load sensor, an (unspecified) 
offset load is required to introduce the desired birefringence for measurement and the highest sensitivity 
to transverse load reported in literature using PCFs is around 0.5 nm/Nmm [83][85].  
2.3.2 Advantage and disadvantages of optical fibre pressure sensors  
Optical fibre-based sensors, compared to conventional electrical pressure sensors, have shown 
both technical and economical advantages and disadvantages as summarized below: 
 Optical fibre pressure sensors are made from a very durable material (e.g. silica) [85] that is 
corrosion resistant and can withstand high tensile loading (can withstand up to 5% elongation) 
[86]  Optical fibre pressure sensors can work over a wide range of temperatures from -200C to 800 C for silica, 2000 C for sapphire fibres [87],   Low mass and small diameter of fibres offer a significant flexibility for optical fibre pressure 
sensors to fit for complex surfaces or access areas which are difficult to reach for conventional 
sensors.  Point, quasi-distributed or fully-distributed sensing is made possible over the length of an optical 
fibre (<1 mm to kms).  The low loss of optical fibres make them suitable for remote sensing  The immunity to electromagnetic interference (EMI) enables optical fibre pressure sensors to  
operate in electrically noisy environments, therefore they are intrinsically safe and  suitable for 
use in hazardous areas   The inert nature of optical fibres offers electrical isolation (they are non-conductive).  Optical fibre pressure sensors can offer a higher sensitivity as the optical signal analysis can be 
based on phase change of light instead of the intensity change.  Multi-point and multi-parameter monitoring, thus reducing system cost and complexity.   Possibility to create a fibre optic sensor network  Mechanically rugged.  Possible low cost for multi-point sensors, high performance. 
The major disadvantages associated with fibre optic sensors are:  
 Cross-sensitivities are required to be addressed and compensated when necessary. 
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 Cost and availability of suitable instrumentation.  Low general awareness of fibre optic sensor technology. 
 
2.3.3 Review of optical pressure sensor technologies 
2.3.3.1 Introduction 
 
It was in early 1970s that researchers realized that physical perturbation can modulate guided 
light in fibre optics. After that, various sensors have been developed taking the advantage of the 
technological advancement in optical fibres manufacturing and the availability of detectors and optical 
sources.  
In a fibre optic sensor, different characteristics or properties of the transmitted light such as 
intensity, polarization direction, wavelength and phase can be modulated to carry information about the 
measured variable. Using this approach, fibre optic sensor designs can be separated into four major 
categories based on the parameters being modulated. These include: 
 Intensity  Phase  Polarization  Frequency or Wavelength 
By measuring the change of these parameters resulting from the interaction between the optical 
fibre and the measurand, fibre optic sensors can be designed to measure a broad diversity of physical and 
chemical parameters. 
For intensity-modulated sensors, which are known as intensity-type sensors, the measurand 
affects only the brightness or intensity of the light that is transmitted along an optical fibre. However, for 
phase-modulated or interferometric sensors, the measurand variation is encoded in the phase difference 
between the light returning from a sensing optical path and the light from a reference optical path. Other 
sensor types can modulate the frequency or wavelength of the light signal or use an optical phenomenon 
known as fluorescence. 
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2.3.3.2 Intensity-Modulated pressure sensors 
Intensity-based pressure sensors were one of the first OFSs to be commercialized [61]. These 
sensors were analogue, as the light intensity detected is proportional to the measured variable.  
The advantages of these technologies include: 
 Robustness,   Simple configuration with no requirement for the use of expensive optical devices.   Low fabrication cost   Flexibility  
The main limitation of intensity-based sensors is the intensity fluctuation which can be caused 
by perturbation irrelevant to the measurand, such as the fluctuation of the light source or the deterioration 
of optical fibres. 
Intensity-modulated sensors are usually configured to accentuate the following modulation 
mechanisms:  
 Signal intensity change due to the loss in transmission and/or reflection  Signal intensity change due to the loss resulting from the fibre microbending  Evanescent wave modulation  Signal intensity change due to the polarization variation as a result of the Refractive 
Index change in the surrounding environment  
Intensity modulated OFSs can be configured as transmissive or reflective in their physical 
design, here are described below: 
Transmissive sensors are extrinsic sensors which include two fibres with one being connected 
to a light source and the other connected to a detector [88]. The light beam propagating through the 
optical sensor is modulated either directly by the transverse or longitudinal displacement of two fibres or 
a change, in this case can be angles between two fibres [90] [91]. In either case, the intensity change 
detected by the sensor system is directly related to a variation of the physical quantity of interest [92]-
[96]. 
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Figure 2.8 shows a simple design of a transmissive fibre optic pressure sensor using a shutter to 
modulate the intensity of pressure sensors [97][98]. In this design, the movable shutter is mechanically 
connected to a diaphragm and the light beam travels from a fixed fibre into the other fibre. The amount 
of light that reaches the second fibre is dependent on the amount of shutter displacement. 
 
 
 
 
 
  
Figure 2.8 Transmissive fibre optic pressure sensor using a shutter to modulate the intensity [98]. 
A similar design is shown in Figure 2.9. In this pressure sensor the shutter is replaced by two 
diffraction gratings with one being fixed and the other movable and connected to a diaphragm. Both 
fibres are fixed and the movable diffraction grating modulates the light intensity [98][99]. 
When pressure is applied on the diaphragm, the movable grating is displaced, resulting in the 
change in the intensity of the transmitted light. The sensitivity of the sensor can be enhanced by reducing 
the grating pitch. 
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Figure 2.9 Transmissive fibre optic pressure sensor using a moving 
grating to modulate the intensity [98] 
Another transmissive fibre sensor, as shown in Figure 2.10, is based on the modulation of the 
optical signal through transverse displacement caused by the deflection of a diaphragm. In this design, 
two optical fibres are properly aligned to ensure a maximum amount of light from the light source being 
transmitted through to the detector. The amount of energy captured by the receiving fibre, however, 
depends on its numerical aperture (NA) and the axial separation between the two optical fibres. When 
the separation is modulated, it in turn results in an intensity modulation of the light captured 
[98][100][102] 
 
 
 
 
Figure 2.10. Schematic of an intensity based sensor system with a transmission gap [102]. 
Different from the above transmission gap configuration, Figure 2.11 shows a reflective gap 
configuration, which consists of an external reflecting element and two bundles of fibres or pair of single 
fibres. The light is reflected by the external mirror that is connected to a diaphragm [104][105]. The 
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sensitivity of the sensor is dependent on the distance between the fibre surface and the external mirror 
[105]-[106] 
 
 
 
 
 
Figure 2.11 Illustration of a fiber optic intensity sensor for distance measurements. (a) Two-fiber 
sensor, showing the object and the operational principle (b) Various geometries for fiber bundle sensor 
heads, [106] 
Figure 2.12 shows the relationship between the detected light intensity and the distance between 
the fibre sensor to the target (mirror) when different configurations of fibre bundles are used. [100][106] 
 
 
 
 
 
  
 
 
 
Figure 2.12 shows the detected light intensity versus distance from the target [100]. 
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The problems associated with intensity-based sensors are random changes of transmissivity of 
optical path and variations of the output power of the optical source, which directly affects the accuracy 
of the sensor [108]. Intensity sensors therefore need a mechanism that compensates for those changes. In 
addition, this type of sensor can only be used to measure an absolute pressure as it is impossible to 
distinguish between positive and negative pressures across the diaphragm. 
W. B. Spillman el al. [109] were the first to design a Frustrated Total Internal Reflection (FTlR)-
based sensor which was a modification of the transmissive sensor. As shown in Figure 2.13, a typical 
FTIR sensor consists of two fibres, each with their ends being polished and being parallel to each other 
at an angle to the fibre axis. One of the fibres is fixed and the other is attached to a diaphragm. As pressure 
is applied to the diaphragm, the movable fibre is displaced radially with respect to the fixed segment 
[110][111]]. Due to the interaction between the incident and reflected light in the movable fibre, some 
light energy may be coupled into the fixed segment. The amount of light coupled into the fixed fibre is 
dependent on its distance from the movable fibre. This type of sensor is one of the most sensitive sensors 
based on transmissive intensity modulation.  
 
 
 
 
 
 
 
 
 
 
Figure 2.13 Frustrated-total-internal-reflection mode sensor [109] 
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Microbending Sensors 
Fields et.al. [63][112].  were the first to propose and demonstrate a sensor based on 
microbending in optical fibres More research has been undertaken to understand better micro-bend 
sensors and to investigate how to increase dynamic range and improve the sensitivity to the parameter of 
interest while reducing the sensitivity to unwanted variables.  The early interest in micro-bend sensors 
was primarily for hydrophone applications [113]-[114]. 
As illustrated in Figure 2.14 a typical microbend sensor consists of a multimode step index 
optical fibre, which is squeezed between grooved or corrugated surfaces [113]-[115]. One of the surfaces 
is attached to the diaphragm, and as the diaphragm is displaced, the fibre is squeezed and bent. As the 
fibre is bent, an amount of light proportional to the pressure applied to the diaphragm is lost due to 
microbending attenuation [116]-[118]. The higher order modes of light are the ones most affected by a 
microbend since they encounter the core to cladding interface at angles only slightly greater than the 
critical angle.  
 
 
 
 
Figure 2.14. Fibre optic microbend pressure sensor 
Microbend sensors have demonstrated unique advantages [119], which include higher 
mechanical and optical efficiency that leads to low parts count and low cost, easy mechanical assembly 
that does not require fibre bonding to the other components, thus avoiding differential thermal expansion 
problems, and failure-safe which either produces a calibrated output signal or fails to a state with no light 
output. In addition, microbend sensors can be used in aggressive environment such as under high-
temperature and hazardous conditions [120].  
Lagakos, et al. [121] showed that in a microbender, light is lost from the fibre core via coupling 
between guided modes and radiation modes. In addition, upon encountering a microbend, lower order 
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light modes may be transformed into higher order modes which can be refracted into the cladding at the 
next microbend. A series of microbends can therefore lead to significant light losses. 
In general, as the number of bending points on the corrugated surfaces is increased, and as the 
spacing between the corrugations is decreased, the sensitivity of the sensor is enhanced. Work done by 
Horsthuis [119], Diemer [120], and Lagakos, et al. [121] provides a guideline for microbend sensor 
designs, showing how best to select the corrugated spacing in order to achieve the highest sensitivity. On 
the other hand Yao, et al. [122] have shown how the radiation modes in the cladding of a microbend 
sensor can re-enter the core and reduce the sensitivity. 
The fibre optic cable in microbend pressure sensors is usually protected by a metallic or polymer 
buffer coating both to extend its mechanical lifetime and to avoid interference of stresses arising from 
the other sources, such as high temperature and the other environmental perturbation.  
 
Evanescent Wave Sensor 
Another type of intensity based fibre optic sensors is the evanescent wave sensor that utilizes 
the light energy, which leaks from the core into the cladding. These sensors have been widely used as 
chemical sensors [123] but some are used as pressure sensors [124]-[128].  
The light guided within an optical fibre is not totally confined within the core of the single mode 
fibre, with a portion penetrating inside the cladding layer, which is termed as evanescent wave. When 
light passes through a coupler, as shown in Figure 2.15, a fraction of light is transferred from one fibre 
to the other and the amount transferred is dependent on the distance between the two cores [128]. When 
the distance is modulated by pressure, the coupler becomes an evanescent-wave based pressure sensor.  
 
 
 
 
 
Figure 2.15 Evanescent coupler sensor [128] 
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Phase Modulated pressure sensors 
The most sensitive fibre optic sensing method is based on the optical phase modulation [57]. In 
the phase modulation sensors, light from a coherent source is split into two and coupled into two single 
mode fibres. When the two beams recombine, interference occurs. If a physical or chemical parameter 
perturbs one of the fibres relative to the other, the phase difference between the modulated light and a 
reference light shifts accordingly. 
The phase shift can be detected using an interferometric configuration in order to convert the 
phase variation into a signal intensity variation. Various interferometers can be used and they are: 
 Mach-Zehnder Interferometer (MZI),  Michelson Interferometer (MI)  Sagnac Interferometer (SI)  Fabry-Perot (FP) Interferometer 
These are considered below  
Mach–Zehnder Interferometer  
Several papers have been published describing pressure sensors utilizing Mach- Zehnder 
interferometers [129]-[133], A fibre Mach-Zehnder interferometer can be realized using either a 
conventional setup including two-fibre arms or an in-line one-fibre configuration [134]-[136]. 
Figure 2.16 shows a schematic diagram of a pressure MZI sensor [137] using the conventional 
layout.  The input light is split into two beams using a 50:50 fibre optic coupler and transmitted through 
two fibres, one being used as reference and the other the sensing fibre. When light guided by the two 
fibres is recombined by another coupler, interference occurs and the output signal can thus be detected 
by a detector.  
Generally, the sensing arm is fabricated on a diaphragm. Pressure applied on the diaphragm can 
deform the fibre, thus change the refractive index of the fibre due to the photoelastic effect and this causes 
the phase shift in output, which can be detected. 
J. A. Bucaro et al. [134] used this interferometer for acoustic sensing in 1977 but G. B. Hocker 
[62], was the first to use this technique for pressure measurement in1978  
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Figure 2.16. Schematic of Mach Zehnder pressure sensor [137] 
As indicated above, Mach-zehnder interferometer can also be configured using one fibre, yet 
with a high sensitivity [138].  Figure 2.17 shows some of such in-line configurations using (a) a pair of 
LPGs, (b) core mismatch, (c) air-hole collapsing of PCF, (d) MMF segment, (e) small core SMF, and (f) 
fibre tapering. In these in-line one-fibre Mach Zehnders, the two light beams, split and coupled, are 
respectively the fundamental core mode and the cladding modes along a single optical fibre. This can be 
achieved by various means in addition to those shown in Figure 2.17, for example, by mechanically 
induced two identical long-period fibre gratings (LPGs) inscribed in a photonic crystal fibre (PCF) [140]; 
by a fibre-taper section between a Long period Grating  (LPG) pair [141]; by spliced two pieces of a fibre 
with a small lateral offset or collapsed air-holes of a single PCF [142]; by two points on a single-mode 
fibre by CO2 laser irradiations [143]; by a non-adiabatic taper cascaded with a LPG [144]; two core-offset 
attenuators on a single-mode fibre [145]; two tandem fibre tapers by fusion splicing [146][147]]; by 
interaction of a misaligned fusion-spliced point with a LPG on a single-mode fibre [148] and combination 
of a fibre taper and an ultrafast laser microfabricated spot [149]. In addition, a biconical fibre taper [150], 
a double-pass Mach-Zehnder interferometer with a gold-coated mirror at the output port of a fibre taper 
pair [151] and three cascaded single-mode fibre tapers have also been reported [152][153]. 
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Figure 2.17. Configuration of various types of MZIs; the methods of using (a) a pair of LPGs, (b) core 
mismatch, (c) air-hole collapsing of PCF, (d) MMF segment, (e) small core SMF, and (f) fibre tapering.[153] 
Michelson Interferometer  
Another phase modulation configuration for a pressure sensor is the Michelson interferometer 
(MI). Passy et.al. [154] reported the use of an all-fibre MI in which the effects of pressure on mode 
propagation could be captured through the measurement of the group delays. Bock et al. [155] reported 
on a fibre-optic polarization-sensitive intermodal interferometer for simultaneous measurement of 
pressure and temperature.  
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Michelson interferometer pressure sensor configurations are similar to Mach Zehnder 
Interferometer (MZI) [156]. Figure 2.18 (a) shows a basic configuration of a MI, in which light is split 
and then combined by a single 1x2 fibre coupler. The light travelling from the source is split into the 
sensing and reference arms. The light, after traversing the length of the arms, is then reflected back 
through the same arms by reflectors. The initial coupler then recombines the light from the two arms 
[156]. Figure 2.18 (b) shows an in-line MI, in which the long period grating acts as a coupler to split and 
then recombine the core and cladding modes reflected. 
 
 
 
 
 
Figure 2.18. (a) Basic configuration of a Michelson interferometer and (b) schematic of an in-line 
Michelson interferometer. [155] 
There are some differences between the Michelson and Mach–Zehnder configurations. The MZI 
configuration requires two optical fibre couplers while a MI just needs one coupler, but the light passes 
though both the sensing and reference fibres twice, therefore the optical phase shift per unit length of 
fibre is doubled [156] for a MI compared to a MZI.  
From the practical point of view the physical configuration of the Michelson interferometer is 
usually easier for sensor packaging due to fewer components needed. However the disadvantage is that 
the MI sensor configuration is reflective, therefore there is a considerable amount of light reflected back 
to the input, introducing a significant amount of noise and potential damage of the light source if an 
isolator is not used [157]. Overall both the simpler configuration (one coupler, fewer splices, etc) and the 
doubling of the sensitivity per unit length of the fibre make the Michelson interferometer desirable as 
long as the reflections in the system can be managed properly [156]. 
MI has also demonstrated the potential of multiplexing multiple sensors through parallel 
connections of several MI sensors. However, it is essential to adjust the fibre length difference between 
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the reference arm and the sensing arm of an MI within the coherence length of the light source [158]. An 
in-line configuration of MI is also possible, with a typical example shown in Figure 2.18 (b).   
Sagnac Interferometer  
Many researchers recently have paid great attention to Sagnac interferometers (SIs) and their 
wide range of applications as physical and chemical sensors. They have shown a number of advantages, 
such as simple in structure, easy fabrication, and environmental robustness [158]-[167]. In general, 
birefringence fibres such as, high birefringent (Hi-Bi) or polarization maintaining (PM) fibres are chosen 
as the sensing fibres to increase the sensitivity based on phase-modulation. These fibres are asymmetric 
and have different refractive index in two axes. 
The Sagnac Interferometer is a Fibre Loop Mirror (FLM), which is formed by splicing a 
birefringent fibre between the two output ports of an optical coupler. As shown in Figure 2.19, the input 
light is split into two waves that travel with identical optical paths in opposite directions and interference 
occurs when the two waves re-enter the coupler. This is because two orthogonal polarization modes travel 
with different speed due to different refractive index. 
When an external pressure is applied on the fibre, the phase difference between the two 
orthogonal polarization modes which are propagating along the birefringent fibre changes. This is due to 
the change in the propagation constants of polarization modes over a fibre length.  
This type has been used in this thesis to monitor the force. 
 
 
 
 
 
 
Figure 2.19. Schematic of a sensor based on a Sagnac interferometer. [162] 
SL
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Sagnac Interferometer has been used for hydrostatic [163][165] and lateral pressure [166][167] 
measurement with a high sensitivity.  Unlike the other fibre optic interferometers discussed, the optical 
path difference of the Sagnac Interferometer is determined by the difference in the polarization dependent 
propagating speed of the mode guided along the loop [158]. The mode polarization can be adjusted by a 
polarization controller (PC) connected to the loop at the beginning of the sensing fibre. The signal at the 
output port of the fibre coupler is governed by the interference between the beams polarized along the 
slow axis and the fast axis. However, the sensor is independent of the polarization of the input light [168] 
and the output signal is periodic with its periodicity being determined only by the length of the 
birefringence fibre but not the total length of the fibre loop mirror [158] 
Conventional birefringence fibres have shown high sensitivities to temperature [169], therefore 
when they are used for pressure measurement, temperature compensation is required to be taken into 
account [170]-[175]. In order to overcome this limitation, polarization-maintaining photonic crystal 
fibres have been considered as an alternative due to their insensitivity to temperature variation. The pure 
silica-based PCF has already demonstrated thermal robustness and through the optimization of the air-
hole configuration in a PCF, a high birefringence can also be achieved [174]-[175].  
Fabry-Perot interferometer 
One of most widely used fibre optic pressure sensor technologies for pressure measurement is 
Fabry-Perot (F-P) interferometer [176]-[183]. The first report on fibre Fabry–Perot interferometers 
appeared in the early 1980s [177]. These sensors have demonstrated the high flexibility due to the small 
sizes of fibres used and given the pressure ranges concerned [184]. As the Fabry-Perot configuration only 
needs one fibre, it is usually insensitive to the intensity variation between the measurement and reference 
fibres. 
As shown in Figure 2.20, Fabry-Perot interferometric pressure sensors always include a 
resonance cavity, consisting of two partial reflectors positioned on either side of a transparent medium. 
One of the reflectors, or mirrors, is attached to a diaphragm, and the cavity length is allowed to vary with 
the applied pressure [185]. Interference occurs due to the multiple superposition of both reflected and 
transmitted beams at two parallel surfaces [186]. 
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Figure 2.20. Fabry-Perot configuration 
Different F-P interrogation techniques are commercially available [177] and differ mainly on 
the light source: single wavelength or narrow-band light sources produce a periodic pattern shifting with 
pressure. Although applicable only for relative pressure measurements (since the sensor has to be 
referenced each time), the interrogation technique [187] patented and commercialized by FISO 
Technologies [77], is shown to be the best fit for monitoring very fast occurring events such as explosions 
or blasts [188][189].  
FISO Technologies compared to other fibre optic sensing technologies requiring costly optical 
source or spectral analysis equipment. 
The principle behind this patented technology is using white-light interferometry and sketched 
in Figure 2.21. A continuous broadband light source is first injected and guided into a multimode optical 
fibre and then into an input of a coupler. Then, the output the light travels through the optical fibre until 
it reaches its tip, where the F-P is assembled. 
The light emerging from the F-P travels back to the interrogator through the optical fibre where, 
it is redirected to an optical analyser and spread over a Fizeau wedge that reconstructs the interference 
pattern which is physically recorded using a charge coupled device Charge-coupled device (CCD). Due 
to the fact that white-light is used, all wavelengths are present, and thus destructive interferences occur 
except for the zero order where all wavelengths are actually constructive.  
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Figure. 2.21: Schematic description of the F-P absolute measurement signal conditioner from FISO 
Technologies using patented white-light interferometry (left) and detail of F-P sensing interferometer showing 
ray traces obtained from a selected incident angle light beam propagating in the optical fibre core (right).[77] 
 
The wedge that creates a linear variation of thicknesses can make an interference.  This 
interference pattern has a maximum intensity at the exact position when the optical path difference equals 
the one created at the F-P sensor, and few lower intensity peaks symmetrically disposed around the 
central peak (as given by the interferometer cross-correlation function). Thus finding the sensor optical 
path difference related to the physical parameter to be measured simply consists of finding the position 
of the maximum peak in the CCD interference pattern. This robust interferometric method allows 
accurate and precise F-P cavity length measurement with nanometer range precision over several decades 
of micrometer span, thus giving a very interesting flexible dynamic range. 
Intrinsic Fabry-Perot Interferometer Sensor 
In intrinsic FPI fibre sensors, reflecting components are contained with the fibre itself [190]. 
Figure 2.21 shows various intrinsic FPI sensors with their local cavities being formed using various 
methods such as micro machining [190][194], fibre Bragg gratings (FBGs) [195][196]], chemical etching 
[197][198], and thin film deposition [199][200]. However, they usually require expensive fabrication 
facility for the cavity formation.  
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Figure 2.21 Intrinsic Fabry-Perot Interferometer Sensors [178] 
Extrinsic Fabry-Perot Interferometer Sensor 
Optical fibre Extrinsic Fabry-Perot interferometers (EFPIs) have been widely used as pressure 
sensors [177]-[181], [201]. Compared to the Mach-Zehnder and Michelson sensors, the EFPI sensor has 
advantages such as high sensitivity, small size, simple structure, polarization independence, and great 
design flexibility. Figure 2.22 shows some typical examples of extrinsic Fabry Perot Interferometry 
sensors. 
A typical extrinsic Fabry-Perot interferometer (EFPI) includes a cavity which consists of an air 
gap between one polished end of a single/multi-mode fibre and the other polished end of a multi-mode 
fibre or a diaphragm [202]. Both polished ends act as reflectors and the gap between them can be 
modulated by the pressure applied on one of the reflectors, thus inducing a modulation of the phase 
difference between the reflected light beams. 
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Figure 2.22. Extrinsic Fabry-Perot Interferometer Sensor; a) reflective diaphragm sensor; b) transparent 
sensor; c) two opposite fibres sensor; and d) hollow core fibre sensor [178] 
2.3.3.3 Wavelength Modulation Sensors 
In wavelength modulation sensors, the light wavelength is shifted by a perturbation including 
pressure. The key advantage of this technique is that it is intensity-independent and thus insensitive to 
environmental perturbation, for example, the source fluctuation, fibre bending, fibre aging etc.  Optical 
fibre wavelength-based sensors include: 
 Fibre Bragg Grating  Fluorescent  
These are considered below 
Fibre Bragg Grating-based pressure sensors 
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The most popular and widely used wavelength based sensor is the Fibre Bragg Grating (FBG) 
sensor [203]. FBGs are formed by periodically modulating the refractive index in the core of a single 
mode optical fibre. This periodic change in refractive index is normally created by exposing the fibre 
core to an intense interference pattern of UV light. The variation in refractive index can produce an 
interference pattern, which acts as a wavelength filter [204] 
As shown in Figure 2.23, in the FBG sensor operation the light from a broadband source whose 
centre wavelength is close to the Bragg wavelength is launched into the fibre. The light propagates 
through the grating, and part of the signal is reflected at the Bragg wavelength [123]. In fact at the Bragg 
wavelength, all reflected signals are in phase and add constructively and centred about the Bragg 
wavelength. Reflected contributions from light at other wavelengths does not add constructively and are 
cancelled out and as results these wavelengths are transmitted through the grating. 
Bragg wavelength is defined by the relationship 
  ɉ୆ = ʹnୣΛ                                                                                                                             (2.1) 
   where nୣ is the effective refractive index of the grating in the fiber core and Λ is the grating 
period. The effective refractive index depends not only on the wavelength but also (for multimode 
waveguides) on the mode in which the light propagates.  
A perturbation cause shift of Bragg wavelength by changing the effective refractive index and/or 
the grating period. So FBGs have the capability to measure a number of parameters such as strain, 
temperature, pressure and chemical parameters [160].  
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Figure 2.23. Bragg grating schematic and its response to a broadband wavelength source. 
 
FBG was first made in 1978 by Canadian researchers Ken Hill et al when they used 
photosensitive Ge-doped fibre [204] and subsequently by researchers at the Canadian Research Center, 
United technologies, 3M and several others [205]. Extensive research has been undertaken to explore the 
sensing capabilities of fibre Bragg grating (FBG) sensors, including their potential for pressure 
measurement [203]-[213].  
M. G.Xu et al. [206] were the first to report the use of an optical fibre-grating for pressure 
measurement using the experimental setup shown in Figure 2.24. In their work, the wavelength of the 
peak reflection from an in-fibre grating showed a negative shift of 0.22 nm when the FBG was under 
hydrostatic pressure at 70 MPa.  
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                                  (a)                                                                (b) 
Figure 2.24 Schematic diagram of FBG (a) hydrostatic and (b) transvers pressure sensor.[206] 
In general, the intrinsic pressure sensitivity of a FBG in not very high, as the pressure 
measurement is undertaken indirectly through the strain measurement along the fibre axis [61]. Two 
approaches have been used to turn a FBG into a pressure sensor: 
a) Attaching the FBG fibre to a flexible diaphragm, as shown in Figure 2.25, either 
orthogonally or in the diaphragm plane in areas where the strain is maximal [61][208]. In both cases, 
such designs are always limited to high pressure ranges.  
 
 
 
 
 
 
Figure 2.25 Schematic diagram of FBG-based pressure sensors.[61] 
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b) Another interesting approach is to integrate the FBG sensor into cylindrical assemblies, 
as shown in Figure 2.26, so that an increased pressure sensitivity can be achieved through mechanical 
amplification schemes [61][209].  
 
 
 
 
 
 
Figure 2.26. Schematic diagram of FBG-based pressure sensors mounted on a cylinder. [209] 
 
FBG pressure sensors have their own advantages and disadvantage. The advantages of this type 
of pressure sensors include their multiplexing capability, offering the flexibility in sensor design either 
for single point or multi-point sensing arrays, low cost and the capability in meeting various sensing 
needs [203][214]. The disadvantages of FBGs are their cross-sensitivities to various parameters, 
including pressure, strain and temperature.  
 
Fluorescent decay based pressure sensor 
Fluorescence occurs when molecules absorb light at one wavelength and then emit light at a 
longer wavelength [215], as illustrated in Figure 2.27. Since the excitation and emission occur only at 
distinct energy levels, each fluorescent molecule has a unique fluorescence spectral fingerprint, which is 
very important for sensor applications . 
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Figure 2.27. An illustration of fluorescent light emission. 
 
Figure 2.28 shows a schematic diagram of a fluorescence decay-based fibre optic pressure 
sensor. The sensor consists of a single multimode optical fibre which is attached to a diaphragm and two 
different neodymium-doped glass fluorescent discs characterized by distinct fluorescent decay rates 
[216].  
The end of the fibre is attached to a diaphragm causing the fibre tip to move vertically from one 
fluorescent disc to another when the diaphragm is deflected with the applied pressure [217]. 
As the fibre tip is displaced, the relative intensity contribution of each fluorescent disc changes. 
Phase-sensitive detection methods are then used to determine the relative contributions of each disc, 
which are proportional to the process variable. The dynamic response of a fluorescent decay-rate sensor 
is dominated by the fluorescent decay rates of the discs rather than mechanical limits imposed by the 
diaphragm. Improvements in dynamic response may be possible with the use of other fluorescing material 
combinations [217],[218]].  
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Figure 2.28   Fluorescent Decay-based  Pressure Sensor [215] 
 
2.3.3.4 Polarization & refractive index sensors 
The development of polarization-modulated fibre optic sensors is based on two different 
physical effects: the Faraday effect [52] and the photoelastic effect [52][64][219]. Sensors based on the 
Faraday effect are mainly used to measure electrical or magnetic field with a typical application of the 
measurement of the electrical current [52][78]  
On the other hand, pressure sensor development can be easily based on the photoelastic effect 
as this directly transfers the applied pressure into the change of the polarization property in an optical 
medium [60][220]. Although silica glass fibre itself exhibits a very weak photoelastic effect, polarization 
maintaining (PM) fibres are often used to increase photoelastic effects. 
When a transverse pressure is applied on an ordinary single mode optical fibre or a PM fibre, 
an external birefringence is introduced in them [219],[220]. This induced external birefringence breaks 
the circular symmetry in ordinary single mode fibres and produces an anisotropic refractive index 
distribution in the fibre core. On the other hand, there is an initial birefringence in PM fibres, so that the 
induced birefringence can increase or decrease the overall birefringence, depending on the direction of 
the transverse pressure applied [220].  
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Figure 2.29 Schematic diagram of a polarization modulation-based pressure sensor [220] 
Figure 2.29 shows a schematic diagram a typical pressure sensor system using a polarization 
modulation. The initial polarization state of the light can be rotated as a result of the applied transverse 
pressure and the change can be captured by the detection system shown in the diagram.  
Near Total Internal Reflection (NTIR) 
Another polarization modulation-based pressure sensor is the near total internal reflection 
(NTIR) sensor [101][110]. This sensor, as shown in Figure 2.30, requires only one single-mode fibre, the 
end of which is polished at an angle slightly smaller than the critical angle. The tip of the fibre is the 
sensor element, which is subjected to the process pressure. Light travels along the fibre, strikes the 
polished end, reflects to the mirrored surface, reflects back to the polished end, and is transmitted back 
along the fibre [221][222]. Process pressure variations cause unequal changes in the refractive indices of 
the fibre and the surrounding medium. As the refractive indices change, the critical angle shifts. These 
shifts in the critical angle result in variations in the amount of light reflected back. This sensor 
configuration possesses the advantage of being very small. 
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Figure 2.30 Fibre sensor using critical angle properties of a fibre for pressure measurement via 
measurements of the light reflected back into the fibre.[101] 
2.4 Summary 
This chapter contains a historical review of the background and basic introduction to 
conventional and optical fibre pressure sensors. The techniques, designs, advantages and disadvantages 
of pressure sensors have been reviewed. Also a cross compression has been made between conventional 
and novel optical fibre pressure sensors. 
This chapter will be followed by the theoretical background of transverse pressure sensors in 
birefringent fibres based on a mode coupling theory in next chapter. 
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3.1 Introduction  
This Chapter provides a theoretical background for the transverse pressure sensors in 
birefringent fibres based on mode coupling theory. The Chapter starts with Maxwell’s equations which 
are used to explain fundamental issues such as light propagation and polarization of light and this leads 
to a simplified geometrical and analytical description of the propagation of light and modes of 
propagation in optical fibres. 
In order to verify the above theoretical description, a detailed calculation of the birefringence of 
a new non-Symmetric Polarization-Maintaining side-hole fibre with one hole in its cladding is made by 
using a thermo-elastic displacement potential method through the superposition of sectional displacement 
potentials. When the birefringent fibre is subjected to transverse pressure, its pressure sensitivity is thus 
determined theoretically based on its birefringence variation as a function of rotation angles and 
magnitudes of the applied external force.  An interrogation approach using fibre loop mirror is also 
introduced in this Chapter to measure the phase modulation as a result of the birefringence variation 
caused by the lateral pressure change.  
3.2 Light propagation  
Maxwell’s equations state the fundamentals of electricity and magnetism and have been used 
widely to describe all electromagnetic phenomena including light propagation and polarization of light 
[223].  
Maxwell’s equations are given by the following equations [224]: 
� ∙ ۲ = ɏ                                                                                                                                 (3.1) 
� ∙ � = Ͳ                                                                                                                                 (3.2) 
� × ۳ = − ∂�∂୲                                                                                                                           (3.3) 
� × � = ∂۲∂୲ + �                                                                                                                       (3.4) 
where ɏ represents the charge density, J the current density, and E, D, B, and H represent the 
electric field, electric displacement, magnetic induction, and magnetic field, respectively. The preceding 
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equations can be solved only if the constitutive relations that relate D to E, B to H, and J to E are known. 
Normal optical medium is isotropic which means D is in the same direction as E. In this case, the 
constitutive relations are given by [224][225] 
۲ = ɂ۳                                                                                                                                    (3.5) 
� = Ɋ�                                                                                                                                    (3.6) 
� = σ۳                                                                                                                                     (3.7) 
Where ɂ, Ɋ and σ are as the dielectric permittivity, magnetic permeability, and conductivity of 
the medium respectively.  
If fibres are assumed to be dielectric (charge-free), ɏ = Ͳ and σ = Ͳ hence, � = Ͳ 
After the above simplification of Maxwell’s equations, equations (3.5)-(3.7) can thus be 
expressed as follows   
 
�ଶ۳ = ɂɊ ∂మ۳∂୲మ                                                                                                                            (3.8) 
�ଶ� = ɂɊ ∂మ�∂୲మ                                                                                                                           (3.9) 
or in general 
�ଶ� = ଵ୴మ ∂మ�∂୲మ                                                                                                                         (3.10) 
where  
v = ଵ√கஜ                                                                                                                                  (3.11) 
and ɗ is a wave equation in three dimension. 
The general solution to equations (3.8) and (3.9) describes a sinusoid of angular frequency: 
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۳ = ۳૙e୧ሺ�.�−ω୲ሻ                                                                                                                    (3.12) � = �૙e୧ሺ�.�−ω୲ሻ                                                                                                                   (3.13) 
where k and r are wave vector and wavefront position vector respectively, and ۳૙ and �૙ are 
complex vectors. 
Assume the wave propagation is along z direction, then � = μ̂k, where μ̂ represents the unit 
vector along the z direction. Thus, �. � = kμ and 
e୧ሺ�.�−ω୲ሻ = e୧ሺ୩୸−ω୲ሻ                                                                                                             (3.14) 
The electric and magnetic field are orthogonal, so equations (3.13) and (3.14) can be expressed 
as follows. 
۳ܠ = x̂E଴୶e−୧ሺ୩୸−ω୲ሻ                                                                                                             (3.15) �ܡ = λ̂H଴୷e−୧ሺ୩୸−ω୲ሻ                                                                                                            (3.16) 
where  
H଴୷ = ୩ωஜ E଴୶                                                                                                                         (3.17) 
Figure 3.1 shows a schematic diagram of wave propagation of electric and magnetic fields along 
z direction. 
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Figure 3.1 Schematic diagram of wave propagation of electric and magnetic fields in z direction (they 
are not in scale) 
The actual electric and magnetic fields are the real parts of the exponentials shown on the right-
hand side of equations (3.15) and (3.16) respectively and they can be written as [226]: 
۳ܠ = x̂ E଴୶ coεሺkμ − ɘζ − Ɂ୶ሻ                                                                                             (3.18) �ܡ = λ̂ H଴୷ coεሺkμ − ɘζ − Ɂ୷ሻ                                                                                            (3.19) 
where Ɂ୶  and Ɂ୷  are arbitrary phase angles. Thus, it is possible to describe this solution 
completely by means of two waves: one in which the electric field lies entirely in the xz-plane, and the 
other in which it lies entirely in the yz-plane. If these waves are observed at a particular value of z, say μ଴ they take the oscillatory form: ۳ܠ = x̂ E଴୶ coεሺɘζ + Ɂ୶′ ሻ                  Ɂ୶′ = Ɂ୶ − kμ଴                                                             (3.20) �ܡ = λ̂ H଴୷ coεሺɘζ + Ɂ୷′ ሻ                 Ɂ୷′ = Ɂ୷ − kμ଴                                                             (3.21) 
and the tip of each vector appears to oscillate sinusoidally with time along z direction. E୶ is said 
to be linearly polarized in the direction x, and E୷ is said to be linearly polarized in the direction y. 
The tip of the vector, which is the sum of E୶ and E୷, describes a generic ellipse whose Cartesian 
equation in the xy-plane at the chosen μ଴ can be given by [226]. 
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୉౮మ୉బ౮మ + ୉౯మ୉బ౯మ + ʹ ୉౮୉౯୉బ౮୉బ౯ coε Ɂ = εinଶɁ                                                                                       (3.22) 
where .  
Ɂ = Ɂ୷′ − Ɂ୶′                                                                                                                            (3.23)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 polarization states described by equation (3.22) for various values of � [227]. 
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Thus the state of polarization (SOP) of an electromagnetic wave propagating along the z-axis 
may be ascertained from the path traced by the tip of the electric field vector E in the xy-plane. Three 
states of polarization can be defined: linear, circular, and elliptical. Figure 3.2 shows polarization states 
described by equation (3.22) for various values of  Ɂ. The wave propagation is along the +z direction 
[227]. The light is linearly polarized (LP) when Ɂ = Ͳ, Ɏ, (figure 3.2 (a),(b)), also,when Ͳ < Ɂ < �/ʹ  or Ɂ = Ɏ/ʹ or �/ʹ < Ɂ < ͵�/ʹ  the light is Right Elliptical Polarized (REP) (figure 3.2(b),(c) and (d)) and 
is Left Elliptical Polarized (LEP) when � < Ɂ < ͵�/ʹ or Ɂ = ͵Ɏ/ʹ or ͵�/ʹ < Ɂ < ʹ� (figure 3-2(f), 
(g) and (h)). It is obvious that if  E୶ = E୷ the elliptical polarizations convert to circular polarizations  
3.3 Light propagating in optical fibres 
The wave description of light propagation inside an optical fibre is quite complicated which 
requires solving equation (3.10) in cylindrical coordinates, as fibres are cylindrical. However as most 
optical fibres are considered to be weakly guiding (nଵ − nଶ ≪ ͳሻ, the vectorial relationship of the wave 
equations can be derived directly from the Helmoltz equation below [228] 
�ଶ�୰ϕ୸ + kଶnଶ�୰ϕ୸ = Ͳ                                                                                                     (3.24) 
where r is the radial position, ϕ is the azimuthal position, μ is the longitudinal position, k = ଶ஠஛ ,  
propagation constant, and ɗ୰ϕ୸is the wave function in cylindrical coordinates and can be ۳୰ϕ୸ or H୰ϕ୸  
With substitute ሺ�ଶ = ∂మ∂୰మ + ଵ୰ ∂∂୰ + ∂మ୰మ ∂ϕమ + ∂మ∂୸మሻ in equation (3.24) 
[ ∂మ∂୰మ + ଵ୰ ∂∂୰ + ∂మ୰మ ∂ϕమ + ∂మ∂୸మ + kଶnଶ] ɗ୰ϕ୸ = Ͳ                                                                       (3.25) 
Equation (3.25) is a Bessel a function and can be transformed into Bessel’s equation by 
making the substitution as  
�୰ϕ୸ = �୰�ϕ�୸                                                                                                                  (3.26) 
or 
�୰ϕ୸ = ɗ୰e−୧஥ϕe−୧ஒ୸                           ɓ = Ͳ, ±ͳ, ±ʹ, …                                                       (3.27) 
where ɓ represents the azimuthal mode. The wave function components are illustrated 
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schematically in Figure 3.6. 
 
 
 
 
 
Figure 3.6 schematical diagram of wave function components 
Combining equations (3.27) and equation (3.25) leads to the equation below 
[ ∂మ∂୰మ + ଵ୰ ∂∂୰ + kଶnଶ − Ⱦଶ − ஥మ୰మ] ɗ୰ = Ͳ                                                                                 (3.28) 
The electric field solutions for the core and cladding are Bessel functions with arguments related 
to the phase constants or wave vector magnitudes of the optical fibre given by [229][230] 
E୰ = AJ஥ሺkଵrሻe୧஥ϕ                                 r < �   ሺܥ݋�݁ሻ                                                          (3.29) E୰ = BK஥ሺkଶrሻe୧஥ϕ                            r > �     ሺܥ��݀݀�݊�ሻ                                                   (3.30) 
where A and B are constant values, and  J஥  and K஥  are the first (ordinary) and second 
(hyperbolic or modified)  Bessel functions of the ɓth order, and the core and cladding wavevectors kଵ 
and kଶ are given by kଵ = ሺkଶnଵଶ − Ⱦଶሻଶ             r < �   ሺܥoreሻ                                                                           (3.31) kଶ = ሺȾଶ − nଶଶkଶሻଵ/ଶ      r > �     ሺܥ��݀݀�݊�ሻ                                                                    (3.32) kଵ and kଶ determine the rate of change of ɗ୰ in the core and the cladding respectively 
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3.4 Modes of optical fibres 
The mode of an optical fibre is used to describe the distribution of light energy across the fibre. 
The precise energy distribution is dependent both on the wavelength of light transmitted and on the core 
refractive index profile. The exact description of the modes propagating in a fibre is complicated, since 
it involves six hybrid-field components, i.e. three electrical field components and three magnetic field 
components, showing a great mathematical complexity [230]. However modes in fibres can be 
categorized into two major groups considering the difference between electric and magnetic field energy. 
The modes with a stronger electric E୸  field compared to the magnetic H୸  field along the 
direction of propagation (z-axis) are designated as EH modes [230]. Similarly, those with a stronger H୸ 
field are called HE modes.  
The propagating modes are discrete and require identification by two indexes ሺɓ, βሻ where  ሺɓ = Ͳ, ͳ, ʹ, … ሻ  separates the variables in the scalar wave equation, whereas the ሺβ = ͳ, ʹ, ͵, … . ሻ 
indicates the β୲୦ roots of the Bessel function of the first kind J஥ and the modified Bessel function K஥ 
[227]. So modes can be shown as HE஥୮ and EH஥୮ 
For ɓ = Ͳ, the hybrid modes are analogous to the transverse-electric (TE) and the transverse-
magnetic (TM) modes of planar waveguides, and two linearly polarized sets of modes exist that are 
circularly symmetric with those when either E or H longitudinal field component is zero, i.e. TE଴୮ሺE୸ =Ͳሻ or TM଴୮ሺH୸ = Ͳሻ. The lowest-order transverse modes TE଴ଵ and TM଴ଵ have cutoff frequencies, V =Vୡ = ʹ.ͶͲͷ [230] 
where V is the normalized frequency and is defined as  
V = ଶ஠஛ a√nଵଶ − nଶଶ                                                                                                                 (3.33) 
where a is the core radius, ɉ the free space wavelength, nଵ/nଶ  the refractive index of the fibre 
core/cladding, √nଵଶ − nଶଶ = NA  the numerical aperture of the fibre used in optics to express the ability 
of the system to couple light in.  
The lowest-order mode of a cylindrical waveguide is the HEଵଵ mode, which has zero cutoff 
frequency [231]. This is the fundamental mode of an optical fibre and is also the only mode propagating 
in the region at frequencies < � < ʹ.ͶͲͷ . Hence, in this region a fibre is considered to be single-mode. 
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The field distribution E(r, t) corresponding to the HEଵଵ mode, has three non-zero components Ex, Ey and 
Ez (in Cartesian coordinates), among which either Ex or Ey dominates. Even a single-mode fibre is not 
truly single-mode however, since the electric field of the HEଵଵ mode has two polarizations orthogonal to 
each other that constitute two polarization modes of a single-spatial-mode fibre. 
A significant simplification in the description of these modes can be made based on the fact that 
most of the fibres used for practical applications have core refractive index being slightly higher than that 
of the surrounding cladding. This corresponds to the weakly guiding approximation, in which a simplified 
four-component field, instead of six, can be considered [230]. For a weakly guiding fibre ሺnୡ୭ − nୡ୪ሻ, 
approximate mode solutions are defined as linearly polarized LP஥୮ modes of different azimuthal ɓ and 
radial β mode numbers.  
3.5 Birefringence 
Normal optical fibres have a cylindrical core and cladding and made of isotopic material so 
ideally they have no birefringence, therefore polarization state of light will be unchanged during light 
travelling inside the fibre, as there is no specific direction for a polarization state,  
However, real fibres possess a small level of birefringence because in practice there is always a 
certain amount of mechanical stress or defects arising from manufacturing process which induces a 
partial loss of circular symmetry of the core cross-section. As a consequence, the polarization of light 
propagating in the fibre gradually changes in an uncontrolled way. However, in polarization dependent 
sensors it is important to ensure that the polarization state of the propagating wave is preserved and this 
can be realized by using anisotropic fibres, i.e. polarization-maintaining (PM) fibres.  
Birefringent fibres possess two distinct refractive indices which are dependent on the electric 
field orientation of the input light into these fibres. The two orthogonal principal axes of these birefringent 
fibres are described as the fast and slow axes, referring to their respective phase velocity of the light 
travelling within them. A beam guided in the axis with the higher index (slow axis) will have a lower 
velocity than a beam at the orthogonal axis (the fast axis) [232]. In these fibres the polarization of light 
launched into the fibre is aligned with one of the birefringent axes and its polarization state is preserved 
even if the fibre is bent. 
There are two major methods which can be used to introduce permanent birefringence into 
optical fibres: 1) core modification; 2) the cladding structure modification. In the first method, the core 
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region characteristics are modified by altering its geometry and this type of birefringence fibres is 
commonly known as elliptical core fibres. A cross-section of an elliptical core fibre is shown in Figure 
3.7 (a) [233]. 
And in the second method, birefringence can be introduced into the fibre by applying 
asymmetric stress to the core, which modifies the core refractive index profile. The stress can be 
introduced by changing the cladding isotropic, making hole/holes or including material(s) with different 
thermal expansion coefficient in the cladding, thus to change the stress distribution across the core and 
the cladding. Figure 3.7 shows various types of cross-sectional structures of standard Hi-Bi fibres, either 
with (a) Elliptical Core; (b) Elliptical Cladding; (c) Elliptical Jacket or cross-sections in the shape of (d) 
bow-tie; (e) PANDA or (f) D-type. 
 
 
 
 
 
 
 
 
 
Figure 3.7. Cross sections of conventional polarization maintaining fibres with (a) Elliptical Core;( b) 
Elliptical Cladding;( c) Elliptical Jacket; cross-sections of (d) bow-tie; (e) PANDA and (f) D-type [233] 
Both methods are aimed to ‘disturb’ the circular symmetry of an isotropic fibre, thus inducing 
the anisotropic refractive index distribution in the core region.  
The birefringence of the fibre can be shown as: 
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B = nୱ − n୤                                                                                                                           (3.34) 
Where nୱ and n୤ are the refractive index of the slow and fast axis, respectively. Birefringence 
is usually defined in relation to the fibre beat length L୆, the length of fibre over which the difference in 
phase shift between the orthogonal polarizations amounts to 2π at a certain wavelength  ɉ [233]: 
L୆ = ஛୆                                                                                                                                   (3.35) 
Figure 3.8 shows the beat length, L୆ , with the optical phase difference between the two 
orthogonal polarization states. 
If a fibre is subjected to a mechanical perturbation with a period comparable to L୆, a strong 
power coupling between the two orthogonal polarizations will occur. Therefore, the value of L୆ should 
be smaller than that of the perturbation periods introduced [233]. 
 
 
 
 
 
 
 
Figure 3.8 Visual determination of the beat length, ��, with the optical phase difference between the 
two orthogonal polarization states[233]. 
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3.6 Analysis of the birefringence in a non-symmetric side-hole 
fibre with one hole  
 
In this section an analytical method is proposed to analyse the birefringence characteristics of 
one specialist polarization maintaining (PM) fibre containing one side-hole in the fibre cladding. To do 
so, a Poisson equation is used to determine the stress distribution over the fibre cross-section by using 
cylindrical coordinates and a displacement potential formulation. 
Using this approach, the total stress in the fibre can be obtained through the superposition of the 
displacement potentials derived from each section of the fibre structure, as the potential is a scalar. When 
the length of a fibre is sufficiently long (when compared to the fibre diameter), the calculation quantity 
of stress in the fibre can be considered to be based on an infinite length of cylinder and therefore the 
three-dimensional strain measurements can be converted into two-dimensional measurements in polar 
coordinates either by superposing axial axis or by considering the axial strain to be zero if the external 
force is applied in a direction perpendicular to the fibre axis. 
 
Figure 3.9: One-hole PM fibre which has a core diameter 2a of 8.7 µm and hole diameter 2h of 30 µm. The 
distance between the right edge of the core to the left edge of the hole, d-a-h, is 9 µm 
 
Figure 3.9 shows a schematic diagram of a PM fibre with one side-hole included in the fibre 
cladding and the birefringence of the fibre, B, can be determined from [59]  
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B = C(σ୶ − σ୷)                                                                                                                    (3.36) 
 
B = Cሺσ୰ − σθሻcoεʹθ − ʹCσ୰θεinʹθ                                                                                 (3.37) 
 
where C = ͵.͵͸ × ͳͲ−ହ  mmଶ/kg is the stress-optic coefficient of fibre, σ୰ and σθ are stress 
components in polar coordinates respectively and σ୰θ is a shear stress and these parameters can be given 
by [59] 
σ୰ = −୉ଵ+஝   ଵ୰ [∂ஞ∂୰ + ∂మஞ୰ ∂θమ]                                                      (3.38) 
 σθ = −୉ଵ+஝   ∂మஞ∂୰మ                                                                    (3.39)      
 σ୰θ = ୉ଵ+஝   ∂∂୰ ሺ ∂ஞ୰ ∂θሻ                                                                                              (3.40)   
              
 
where  E = ͹ͺ͵Ͳ kg/mmଶ   and  ɓ = Ͳ.ͳͺ͸   are Young's modulus and Poisson’s ratio 
respectively.  Ɍ  represents a sum of a total thermo-elastic displacement potential ɔ and Airy stress 
function   A and is given by: 
Ɍ = ɔ + A                                                                                  (3.41) 
 
The total thermo-elastic displacement potential ɔ is dependent on the fibre material and shape 
and is also related to the product ∝ T across the fibre cross-section expressed by the Poisson equation 
[231]  
�ଶɔ = ɀ୨T  ,        ɀ୨ = ଵ+஝ଵ−஝ ሺȽ୨ − Ƚଶሻ   , j = ͳ,ʹ,͵                      (3.42) 
 
where index j refers to the region in the fibre, j=1 refers to the fibre core and j=2 and j=3 refer 
to the fibre cladding and hole respectively.  ɋ is Poisson's ratio and Ƚ is thermal expansion coefficient 
and T= 1650 °C is glass melting temperature. 
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Through the calculation of Poisson equation (3.42) for each section of the fibre, i.e. fibre core, 
cladding and hole respectively, each sectional thermo-elastic displacement potential, ɔ୨, with j referring 
to the same sectional regions in the fibre as shown in equation (3.42), can thus be described as 
ɔଵሺrሻ = ஓభTସ rଶ + Kଵ            "inside core"      r ≤ a                                   (3.43) 
Φଵሺrሻ = ஓభୟమTଶ ln r + Kଶ   "ouζεide core"     r > �                          (3.44) 
ɔଷሺrሻ = ஓయୟమସ Rଶ  + Kଵ′ = ஓయTସ ሺrଶ − ʹrdcoεθ + dଶሻ + Kଵ′         "inεide hole"    R ≤ h  
                                                                                                                                               (3.45) 
 ɔଷሺrሻ = ஓయ୦మTଶ ln R + Kଶ′ = ஓయ୦మTସ lnሺrଶ − ʹrdcoεθ + dଶሻ + Kଶ′      "outside hole"     R > ℎ     
                                                                                                                                               (3.46) 
where   Kଵ ,  Kଶ ,  Kଵ′    and  Kଶ′    are constant values and d is the distance between the centres of 
the fibre and of the hole and also ɔଶ has a constant value. 
In this work the Airy function is used to calculate the Ɍ as expressed in equation (3.41) and it is 
given by [59] 
Aሺr, θሻ = b଴rଶ + ∑ ሺa୬r୬ + b୬r୬+ଶሻ coεሺnθሻ∞୬=ଵ                  (3.47) 
Where Σ denotes summation over all of n ranging from 1 to  ∞  and the coefficients  a୬ and   b୬ 
will be determined by using boundary conditions, which can be expressed as   
σ୰ = σ୰θ = Ͳ      when   r = b                                               (3.48) 
Based on the boundary conditions in (3.48) and taking into account of the superposed sectional 
thermo-elastic displacement potentials ሺɔ = ɔଵ + ɔଶ + ɔଷሻ illustrated in equations (3.44) and (3.46) 
and the Airy stress function A, Ɍ can be expressed as   
Ɍ = ஓభୟమTଶ ln r − ஓయ୦మTଶ [ln ଵ୰ + ∑ ଵ୬ ቀ ୰ୢቁ୬∞୬=ଵ coε ሺnθሻ]                                                           (3.49) 
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In order to obtain the equation (3.49) a Green function is used: 
ln ଵ√஡మ+஡′మ−ଶ஡஡′ୡ୭ୱ ሺω−ω′ሻ = ln ଵ஡< + ∑ ଵ୫ ቀ஡<஡>ቁ୫∞୫=ଵ coε [mሺɘ − ɘ′]                           (3.50) 
 ɏ> = r , ɏ< = d  
Then 
lnሺrଶ − ʹrdcoεθ + dଶሻ−ଵ/ଶ =       ln ଵ୰ + ∑ ଵ୬ ቀ ୰ୢቁ୬∞୬=ଵ coε ሺnθሻ                                         (3.51) 
Thus the constant parameters shown in equation (3.47) can be given by 
bட = − Tସୠమ ሺaଶɀଵ + hଶɀଷሻ                                                                                                   (3.52) 
a୬ = ஓయ୦మTଶ ሺ୬+ଵሻ୬ ቀୠୢమቁ୬                                                                                                         (3.53)                                      
b୬ = − ஓయ୦మTଶୠమ ቀୠୢమቁ୬                                                                                                               (3.54) 
As a result all the stress equations can be derived, by substituting equations (3.52), (3.53) and 
(3.54) into (3.47). 
As illustrated in equation (3.41), the Airy stress function A and the total thermo-elastic 
displacement potential ɔ are independent parameters therefore their respective calculations can be done 
separately. This indicates that their associated fibre stress components can be calculated separately before 
being combined to form a total fibre stress. Following this, equations (3.38), (3.39) and (3.40) can be 
further expanded as follows for the Airy function: 
σ୰୅ = ୉Tଵ+୴ {ୟమஓభଶୠమ + ୦మஓయଶୠమ + ୦మஓయଶ ∑ [ሺn + ͳሻሺn − ͳሻ ቀୠୢమቁ୬ r୬−ଶ − ሺn + ͳሻሺn −∞୬=ଵʹሻ ቀୠୢቁ୬ ଵୠమ r୬] coε nθ}                                                                                                                         (3.55) 
σθ୅ = ୉Tଵ+୴ {ୟమஓభଶୠమ + ୦మஓయଶୠమ − ୦మஓయଶ ∑ [ሺn + ͳሻሺn − ͳሻ ቀୠୢమቁ୬ r୬−ଶ + ሺn + ͳሻሺn +∞୬=ଵʹሻ ቀୠୢమቁ୬ ଵୠమ r୬] coε nθ}                                                                                                                                                (3.56) 
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σ୰θ୅ = − ୉Tଵ+୴ {୦మஓయଶ [∑ ሺn − ͳሻሺn + ͳሻ ቀୠୢమቁ୬ r୬−ଶ − n∞୬=ଵ ሺn + ͳሻ ቀୠୢమቁ୬ ୰౤ୠమ] εin θ}             (3.57) 
Where superscript ‘A’ refers to Airy function. 
Further, results obtained for inside the core are as follows: 
σ୰ୡ୭୰ୣ = − ୉Tଶሺଵ+୴ሻ {ɀଵ + hଶɀଷ ୰మ−ୢమ ୡ୭ୱ ଶθ−ଶ୰ୢ ୡ୭ୱ θሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ }                                                               (3.58) 
σθୡ୭୰ୣ = − ୉Tଶሺଵ+୴ሻ {ɀଵ − hଶɀଷ ୰మ+ୢమ ୡ୭ୱ ଶθ−ଶ୰ୢ ୡ୭ୱ θሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ }                                                                (3.59) 
σ୰θୡ୭୰ୣ = ୉Tଵ+୴ hଶɀଷd ሺ୰−ୢ ୡ୭ୱ θሻ ୱ୧୬ θሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ                                                                                       (3.60) 
 
And the results obtained for the cladding are as shown: 
 
σ୰େ୪ୟୢୢ୧୬୥ = − ୉Tଶሺଵ+୴ሻ {ୟమஒభ୰మ + ୰మ−ୢమ ୡ୭ୱ ଶθ−ଶ୰ୢ ୡ୭ୱ θሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ }                                                               (3.61) 
σθେ୪ୟୢୢ୧୬୥ = − ୉Tଶሺଵ+୴ሻ {− ୟమஒభ୰మ + ୰మ+ୢమ ୡ୭ୱ ଶθ−ଶ୰ୢ ୡ୭ୱ θሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ }                                                           (3.62) 
σ୰θେ୪ୟୢୢ୧୬୥ = hଶȾଷd εin θ ሺ୰−ୢ ୡ୭ୱ θሻሺ୰మ−ଶ୰ୢ ୡ୭ୱ θ+ୢమሻమ                                                                            (3.63) 
The total stress of the fibre can be obtained by adding all the related stress components together, 
i.e. σ୰୅ and σ୰େ୭୰ୣ or  σ୰େ୪ୟୢୢ୧୬୥   for the core or the cladding respectively. 
As a result, equations (3.38)-(3.40) can be modified accordingly to be as follows: 
σ୰ = σ୰୅ + σ୰େ୭୰ୣ/େ୪ୟୢୢ୧୬୥                                                                                                      (3.64) 
σθ = σθ୅ + σθେ୭୰ୣ/େ୪ୟୢୢ୧୬୥                                                                                                     (3.65) 
σ୰θ = σ୰θ୅ + σ୰θେ୭୰ୣ/େ୪ୟୢୢ୧୬୥                                                                                                   (3.66) 
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Finally the fibre birefringence will be obtained by substitute (3.64), (3.65) and (3.66) into the 
equation (3.37). The above detailed calculation has been aimed to determine the relationship between the 
birefringence of a one-hole fibre and several key parameters of the fibre structure, including the size of 
the hole, the fibre materials, the hole position and the filling material inside the hole. 
The fibre design shown in Figure 3.9 was specially chosen for this case study as it has been 
successfully fabricated by colleagues at ACREO, Sweden.  The fibre has a hole diameter (2h) of 30 µm 
and the distance between the right edge of the core to the left edge of the hole, d-a-h, is 9 µm.  The fibre 
core diameter (2a) is 8.7 ȝm and the cladding diameter (2b) is 125 ȝm.  Ƚଵ = ʹ.ͳʹͷ × ͳͲ−଺ ℃−ଵ and Ƚଷ = ͷ.Ͷ × ͳͲ−଻ ℃−ଵ are core and cladding thermal expansion coefficients respectively. The hole in the 
fibre is empty i.e. there is no specific material being filled in. 
Equations (3.64) and (3.65) are used to calculate the variation of radial stress ( σ୰ሻ  and 
circumferential stress (σθሻ respectively as a function of r with different angle  and the simulation results 
obtained are shown in Figures 3.10 and 3.11.  Figure 3.10(a) illustrates the stress distribution in a fibre 
section where the hole is included, i.e. when  varies from 0° to 30°. Figure 3.10(b) shows the stress 
condition outside the hole region.  Under both circumstances, it is noticed that the radial stress varies 
with the increase of r but reach smoothly to zero as the radial distance moves towards the fibre boundary. 
Figure 3.10 shows the radial stress distribution over the cross section of the fibre.  It can be seen 
the radial stress across the core is slightly different at different angles although the variation is very small 
from the centre of the core to the edge of core. Figure 3.10 (a) shows that the radial stress decreases with 
the increase of r until when r is approaching the cladding boundary with the hole where a minimum stress 
has been observed.  The stress profile inside the hole region in Figure 3.10(a) is not shown as, under the 
simulation conditions, there is no material filling and therefore the stress is zero. 
At the cladding/hole boundary, some negative stress has been shown, indicating the region is 
under compression.  In Figure 3.10(b), the radial stress has shown the decrease with the increase of r 
apart from the region which is affected by the existence of the hole when r scans from θ=30° to θ=45°. 
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(b) 
Figure 3.10.  Radial stress distribution in one-hole fibre as a function of radial distance r; (a) radial 
stress distribution within the fibre cross-section with a hole, i.e. when  varies from 0° to 30° (b) radial stress 
distribution within the fibre cross-section outside the hole region when  varies from 30° to 90° 
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 (b) 
Figure 3.11. Circumferential stress distribution in a one-hole fibre as a function of radial 
distance. (a) circumferential stress distribution within the fibre cross-section with a hole, i.e. when  varies from 0° to 30° (b) circumferential stress distribution within the fibre cross-section outside 
the hole region when  varies from 33° to 90° 
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Figure 3.11 shows the circumferential stress distribution over the cross section of the fibre. It 
can be seen that the circumferential stress across the core is positive and slightly different at different 
angles and the change in circumferential stress is small from core centre toward the edge of core. In 
Figure 3.11(a), it shows the circumferential stress respectively as a function of r with different angles, .  
It is noticeable that all the circumferential stress inside the fibre has been demonstrated to be negative, 
indicating the compression condition of the fibre. Again in Figure 3.11 (a) a discontinuous profile is 
demonstrated due to the existence of the hole and the circumferential stress inside the hole is zero.  
In Figure 3.11 (b) a decrease of the compression has been observed with the increase of r apart 
from the region affected by the hole when r scans from θ=33° to θ=45°.  As shown in Figure 3.11 (b), in 
the region where there is no hole, a zero stress can be eventually reached at the edge of the fibre cladding, 
which is realistic. 
Figure 3.12 shows an expanded view of the radial and circumferential stress in the core region 
for different angles. It is seen that the stresses are fairly constant for different angles. 
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Figure 3.12 Expanded view of (a) Radial (b) Circumferential stress in core region of Figures 3.10 and 3.11. 
Figure 3.13 shows a contour graph indicating the stress distribution across the fibre cladding.  It 
is noticeable that the existence of the hole has changed the stress distribution profile within the fibre 
cladding.  The stress is shown to be negative in some parts (dark blue colour) and positive (light blue) in 
others, with the maximum stress being near the fibre core. 
In this graph stress inside the hole is considered to be zero. 
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Figure 3.13.Stress distribution across the cladding 
Equations (3.64) is used to calculate the variation of radial stress (σ୰ሻ as a function of r with 
different angle  in fibre cross section and the simulation results inside the core region is shown in Figures 
3.14. 
Figure 3.14 shows a contour graph indicating the stress distribution across the fibre core.  It is 
noticeable that the existence of the hole has changed the stress distribution profile within the fibre core.   
 
 
 
 
 
 
Figure 3.14.Stress distribution across the core 
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Based upon the above, the fibre birefringence, as shown in equation (3.37), can be obtained.  
Figure 3.15 (a) and (b) show an expanded view of the birefringence in different directions (a) edge of the 
core and (b) in the cross section of the core.  The stress-induced material birefringence of the fibre core 
shows birefringence at θ = Ͳ°is maximum (ͺ.ʹ × ͳͲ−ହ) then birefringence sinusoidal decrease until it 
reach to a minimum at θ = ͳͺͲ°. 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
Figure 3.15.Birefringence distribution in a one-hole fibre core as a function of angles θ . (a) Edge of 
the core. (b) Cross section of the core 
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3.7 Mode coupling in Hi-Bi fibres  
The dielectric constant ɂ in equation (3.5) is a tensor. When a polarimetric optical fibre such as 
that discussed in section 3.7 with a side-hole, suffers from perturbations, the dielectric constant tensor 
can be split into two parts: [ɂ] = [ɂ୧] + [Ɂɂ]                                                                                                                   (3.67) 
where 
[Ɂɂ] denotes the perturbation tensor in relation to any deformations caused by external 
perturbation, including force, which is discussed in more detail in the next section.  [ɂ୧] is a dielectric 
tensor in an unperturbed system and can be represented by [60]: 
[ɂ୧] = ቌn୧ଶ Ͳ ͲͲ n୧ଶ ͲͲ Ͳ n୧ଶቍ                                                    (3.68) 
where, n୧ denotes the refractive index in an unperturbed system. The deformation can cause 
coupling modes between two fundamental modes in an anisotropic single mode fibre. So the 
electromagnetic fields in perturbed systems can be represented as a linear combination of unperturbed 
system fields by 
ቀEHቁ = (e୶ e୷h୶ h୷) ቆA୸e୧ω୲B୸e୧ω୲ቇ                                                                                                  (3.69) 
or 
ቀEHቁ = ɖ ቆA୸e୧ω୲B୸e୧ω୲ቇ                                                                                                                 (3.70) 
where ɖ is an eigenfunction in the unperturbed fibre 
Both A୸  and B୸  are field amplitudes and their behaviour can be represented by the simple 
coupled-mode relationship [234]: 
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ୢୢ୸ (A୸B୸) = −i (Nଵଵ NଵଶNଶଵ Nଶଶ) (A୸B୸)             ,         i = √−ͳ                                                        (3.71) 
 where 
N୧୧ = Ⱦ଴ + ɘɂ଴ ∫ e୧∗[Ɂɂ]e୨dε              ሺi = ͳ,ʹሻ                                                                   (3.72) N୧୨ = ɘɂ଴ ∫ e୧∗[Ɂɂ]e୧dε                         ሺi = ͳ,ʹ; j = ͳ,ʹሻ                                                     (3.73) 
The asterisk indicates complex conjugation, ɂ଴ is the electric permittivity in vacuum, and ɘ is 
the angular frequency. The integrals are performed over the entire fibre cross section and N୧୧  is a 
Hermitian coupling coefficient matrix.  
When a uniform perturbation is applied on to the fibre which is perpendicular to the z direction, 
e.g. a uniform lateral pressure applied on the PM fibre, N୧୨ is thus independent of z.  Equation (3.71) can 
then be solved by setting A୸ = A଴e−୧ஒ୸  and B୸ = B଴e−୧ஒi୸  where A଴ , B଴  and Ⱦ  are constants 
independent of z: 
ୢሺ୅బୣ−iβ౰ሻୢ୸ = −iሺNଵଵA଴e−୧ஒ୸ + NଵଶB଴e−୧ஒ୸ሻ                                                                        (3.74) 
ୢሺ୆బୣ−iβ౰ሻୢ୸ = −iሺNଶଵA଴e−୧ஒ୸ + NଶଶB଴e−୧ஒ୸ሻ                                                                        (3.75) 
or 
A଴Ⱦ = NଵଵA଴ + NଵଶB଴                                                                                                         (3.76) B଴Ⱦ = NଶଵA଴ + NଶଶB଴                                                                                                         (3.77) 
after simplification, the following can be obtained. 
 
∆Ⱦ = ଵଶ ቀሺNଵଵ − Nଶଶሻ ± √ሺNଵଵ − Nଶଶሻଶ + |ʹNଵଶ|ଶቁ                i = ͳ,ʹ                                (3.78) 
and  
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୆బ୅బ = ଶNభమቀሺNభభ−Nమమሻ±√ሺNభభ−Nమమሻమ+|ଶNభమ|మቁ                                                                                   (3.79) 
where ± refers to two different polarization modes and Ⱦ stands for the propagation constant in 
the perturbed system [234]. Equation (3.78) shows that the two modes have different propagation 
constants and equation (3.79) indicates the field amplitude ratio between these two modes.  
The propagation constant difference ɁȾ between the two modes as described in equation (3.78) 
can be further modified to be 
ɁȾ = Ⱦଶ − Ⱦଵ = ଵଶ ቀሺNଵଵ − Nଶଶሻ + √ሺNଵଵ − Nଶଶሻଶ + |ʹNଵଶ|ଶቁ − ଵଶ ቀሺNଵଵ − Nଶଶሻ −√ሺNଵଵ − Nଶଶሻଶ + |ʹNଵଶ|ଶቁ                                                                                                                (3.80) 
Or 
ɁȾ = √ሺNଵଵ − Nଶଶሻଶ + |ʹNଵଶ|ଶ                                                                                          (3.81) 
In general when the polarization, e.g. elliptically polarized light, is represented by A୸ሺμ = Ͳሻ =A଴୸ and B୸ሺμ = Ͳሻ = B଴୸, the polarization state at z can be described as [234] 
(A୸B୸) = ቀmଵଵ mଵଶmଶଵ mଶଶቁ (A଴୸B଴୸) e−୧ሺNభభ+Nమమమ ሻ୸                                                                           (3.82) 
  where mଵଵ = coε ቀ∆ஒ.୸ଶ ቁ − i ቀNభభ−Nమమ∆ஒ ቁ εin ሺ∆ஒ.୸ଶ ሻ                                                                           (3.83)  
 mଶଵ = −i ቀଶNభమ∆ஒ ቁ εin ሺ∆ஒ.୸ଶ ሻ                                                                                                   (3.84)
  
And 
 mଵଶ = mଶଵ∗                                                                                        (3.85)
                                  mଶଶ = mଵଵ∗                                                                                                                             (3.86) 
Both A଴୸ and B଴୸ can be assumed to be complex values. The coefficient matrix m୧୧ is called the 
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polarization propagation matrix.  Also it is unitary because  
|mଵଵ|ଶ + |mଶଵ|ଶ = ͳ                                                                                                            (3.87) 
When all the coupling coefficients N୧୧ are real, eigenpolarization modes are linearly polarized 
with polarization angles [60][234] 
ɀ = arcζan ቆ ଶNభమቀሺNభభ−Nమమሻ±√ሺNభభ−Nమమሻమ+|ଶNభమ|మቁቇ                                                                    (3.88) 
with respect to the x axis. Using Cartesian Coordinate representation, eigenpolarization modes 
become linearly polarized along the x and y directions. 
Consider linear polarization incidence with polarization orientation θ୧ that is, A଴ = E଴୶coε θ୧ 
and B଴ = E଴୷εin θ୧ and when all the values of N୧୧ are real, (3.82) can be reduced to  
E୶ = E଴୶(coεθ୧ coεሺɁȾ. μ/ʹሻ − i coεሺθ୧ + ɀሻ εin ሺɁȾ. μ/ʹሻ)e−୧ሺNభభ+Nమమమ ሻ୸                        (3.89)  
E୷ = E଴୷(εinθ୧ coεሺɁȾ. μ/ʹሻ + i εinሺθ୧ + ɀሻ εin ሺɁȾ. μ/ʹሻ)e−୧ሺNభభ+Nమమమ ሻ୸                         (3.90) 
where  A୸ = E୶ and B୸ = E୷ 
And the general form of the output electric can be shown in the matrix form as:  
(E୶E୷) =ቌcoε ቀɁȾ. ୸ଶቁ − i coεɀ εin ሺɁȾ. ୸ଶሻ i εinɀ εin ሺɁȾ. ୸ଶሻi εinɀ εin ሺɁȾ. ୸ଶሻ coε ቀɁȾ. ୸ଶቁ + i coεɀ εin ሺɁȾ. ୸ଶሻቍ (E଴୶E଴୷) e−୧ሺNభభ+Nమమమ ሻ୸              (3.91) 
Or 
(E୶E୷) = Tଵ (E଴୶E଴୷)                      (3.92)
                     
Where 
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Tଵ = ቌcoε ቀɁȾ. ୸ଶቁ − i coεɀ εin ቀɁȾ. ୸ଶቁ i εinɀ εin ሺɁȾ. ୪ଶሻi εinɀ εin ሺɁȾ. ୸ଶሻ coε ቀɁȾ. ୸ଶቁ + i coεɀ εin ሺɁȾ. ୸ଶሻቍ e−୧ሺNభభ+Nమమమ ሻ୸               
                                                                                                                                               (3.93) 
Then coupling coefficient will be: 
h୶→୷ = |(ሺi εinሺɀሻ εin ቀɁȾ. ୸ଶቁ e−୧ቀNభభ+Nమమమ ቁ୸ሻ × ሺ−i εinሺɀሻ εin ቀɁȾ. ୸ଶቁ e୧ቀNభభ+Nమమమ ቁ୸ሻ)|    (3.94) 
After the simplification: 
h୶→୷ = εinଶሺɀሻ εinଶ ቀɁȾ. ୸ଶቁ                                                                                                (3.95) 
3.8 Lateral pressure effect on Hi-Bi fibres 
Figure 3.16 shows a single mode side-hole fibre with two equal and transverse forces being 
applied uniformly in opposite directions and at an angle θ୊ with respect to the x axis over the region d, 
with respect to the x axis. 
Assume a Cartesian coordinate system, as shown in figure 3.16, is considered with x (fast axis) 
and y (slow axis) corresponding to the internal birefringent axes of a polarization-maintaining fibre. 
When a linear polarized light (with  HEଵଵ୶ and HEଵଵ୷ modeε ) pass through the perturbed region, 
the polarization state will be changed.  
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Figure 3.16 a non-symmetric side-hole fibre under pressure 
According to equations (3.72) and (3.73), the N୧୧ components, which represent the coupling 
matrix elements, are related to the deviation of dielectric constant tensor. With the change of the applied 
pressure, the birefringence, as a sum of initial and external birefringence, of the polarization maintaining 
fibre changes accordingly. This also leads to the change of slow and fast axes, making the new fast axis 
being in the applied force direction and the slow axis being perpendicular to the fast axis. 
Both the fast and slow axes from x and y directions are rotated by θ୊ degrees with respect to the 
x axis, when they are considered in a Ɍ − Ƀ coordinate system. Therefore the perturbed dielectric constant 
tensor near the core region can be expressed using the principal stress components induced by the external 
force [235]: 
 
[Ɂɂ] = ቌɁɂஞ Ͳ ͲͲ Ɂɂ஖ ͲͲ Ͳ Ɂɂ୸ቍ                                                                                                    (3.96)   
where  
Ɂɂஞ = ʹnୡ୭[Cଵσஞ + Cଶ(σ஖ + σ୸)]                                                                                        (3.97) 
Ɂɂ஖ = ʹnୡ୭[Cଵσ஖ + Cଶ(σஞ + σ୸)]                                                                                       (3.98) 
Ɂɂ୸ = ʹnୡ୭[Cଵσ୸ + Cଶ(σஞ + σ஖)]                                                                                       (3.99) 
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where, nୡ୭ is the core refractive index, Cଵ and Cଶ are direct and lateral photoelastic constants. σஞ,and σ஖, are stress components in the fibre cross section and in the centre of a fibre cross section of 
radius b, they can be expressed as follows [235]: 
σஞ = −͵ ୤஠ୠ                                                                                                                          (3.100) 
σ஖ = ୤஠ୠ                                                                                                                                (3.101)            σ୸ = Ͳ                                                                                                                                 (3.102) 
where f is normalized applied force, indicating  the amount of force applied in a direction 
which is vertical to the fiber axis per unit length of fiber. 
In the x-y coordinate system, the dielectric tensor is rewritten as 
[Ɂɂ]୶୷୸ = R−ଵ[Ɂɂ]ஞ஖୸R                                                                                                        (3.103) 
where  
R = ( coε θ୊ εin θ୊ Ͳ−εin θ୊ coε θ୊ ͲͲ Ͳ ͳ)                                                                                              (3.104) 
is rotation matrix, so, with substitute (3.104) into (3.103) the dielectric tensor is rewritten as 
[Ɂɂ]୶୷୸ = ቌ Ɂɂ୶ Ɂɂ୶୷ ͲɁɂ୷୶ Ɂɂ୷ ͲͲ Ͳ Ͳቍ =(coε θ୊ −εin θ୊ Ͳεin θ୊ coε θ୊ ͲͲ Ͳ ͳ) ቌɁɂஞ Ͳ ͲͲ Ɂɂ஖ ͲͲ Ͳ Ɂɂ୸ቍ ( coε θ୊ εin θ୊ Ͳ−εin θ୊ coε θ୊ ͲͲ Ͳ ͳ)                                             (3.105) 
thus 
Ɂɂ୶ = Ɂɂஞcoεଶθ୊ + Ɂɂ஖εinଶθ୊                                                                                           (3.106) Ɂɂ୷ = Ɂɂஞεinଶθ୊ + Ɂɂ஖coεଶθ୊                                                                                           (3.107) 
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Ɂɂ୶୷ = Ɂɂஞcoεଶθ୊ + Ɂɂ஖εinଶθ୊                                                                                          (3.108) 
After the brief calculation and substitution equations (3.106)-(3.108) into (3.72)  
Nଵଵ − Nଶଶ = ଶ஠஛ [B୧ − C ቀସ୤஠୰ቁ coεሺʹθሻ]                                                                    (3.109)         
                       
 Nଵଶ = Nଶଵ = − ஠஛ C ቀସ୤஠୰ቁ εinሺʹθሻ                                                                                       (3.110)           
so the equation (3.81) can be rewritten by: 
  ɁȾ = ଶ஠஛ √ቀB୧ − C ቀସ୤஠୰ቁ coεሺʹθሻቁଶ + |−C ቀସ୤஠୰ቁ εinሺʹθሻ|ଶ                                              (3.111) 
 
When there is no force (f=0) then equation (3.111) will be 
ɁȾ = ଶ஠஛ B୧                                                                                                                           (3.112) 
3.9 Evaluation of a high birefringence single mode optical fibre 
as a pressure sensor 
This section is focused on a detailed investigation of the potential of using birefringent optical 
fibres for pressure monitoring.  The approach builds on a theoretical analysis of the birefringence change, 
i.e. polarization coupling between the two polarization modes inside the PM fibre, as a function of the 
applied force or pressure.  
To interrogate the birefringence variation, the fibre loop mirror (FLM) approach, which is one 
of the most widely accepted schemes for the interrogation of the changes in the fibre birefringence 
[164][236], is used in this work.  It possesses unique advantages offered, such as low insertion loss, 
polarization independence to input light, broad spectral bandwidth and high resistance to environmental 
changes, due to the fact that the two optical waves propagate through identical paths.  In addition, the 
extinction ratio of the system can be controlled using a polarization controller (PC) within the loop. 
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To make the analysis more generic, the Hi-Bi fibre configured using a FLM is divided into two 
sections, with one being free from force/pressure (section 1 as shown in Figure 3.17) and the other under 
force/pressure (section 2 in Figure 3.17). Thus the analysis of each section can be considered separately.  
This approach can be extended and used for a situation where two different fibres with different 
birefringence are connected together. 
The experimental setup, as illustrated in Figure 3.17, comprises, a broadband light source 
(SLED) and a 3dB coupler, which splits the input signal into two waves that counter-propagate along 
completely identical paths.  The interference pattern generated as a result could then be monitored using 
an Optical Spectrum Analyser (OSA) and the pressure sensitivity of the fibre used can be analyzed using 
Jones matrix algebra.  
 
 
 
 
 
 
 
 
Figure. 3.17 Schematic of the experimental setup used in this investigation. 
 
In the analysis it is assumed that the electric field of the input light at port 1 (as shown in 
figure 3.17) of the coupler is given by: 
E୧୬ = (E୶୧୬E୷୧୬)                                                                                                                       (3.113)  
 
where  E୧୬ is electric field of input light signal and E୶୧୬ and E୷୧୬ are its components in the x and 
y directions respectively.   
As a result, the electric field component of the light in ports 3 and 4 (Eଷ and Eସ) of the coupler 
shown in figure 3.17 is be given as follows, making the reasonable assumption that the coupling ratio 
between ports 3 and 4 is 50:50, then 
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Eଷ = ଵ√ଶ E୧୬     ୟ୬ୢ             Eସ = ଵ√ଶ HE୧୬                                                                                     (3.114)  
                                                                                        
where H is the phase delay matrix introduced when the light propagates along the cross arm of 
the coupler from port 1 to port 4 and this can be given by:  
 H = (e୧஠/ଶ ͲͲ e୧஠/ଶ)                                                                                               (3.115) 
 
The transfer matrices of the clockwise, Mୡ, and anticlockwise, Mୟ, beams when they propagate 
during a round trip before recombining at the coupler, can be written as [237] 
 Mୡ = RଷTଶRଶTଵRଵ    and     Mୟ = Rଵ−ଵTଵRଶ−ଵTଶRଷ−ଵ                                                          (3.116)                                     
 
where, the term R୧ and R୧−ଵ in the equation denote the rotation matrices of the polarization state 
in each section where the rotation is through an angle ɔ୧ (where i = 1, 2 or 3), when the clockwise and 
anticlockwise propagating light passes through from one return to another, thus. 
 R୧ = (coε ɔ୧ −εin ɔ୧εin ɔ୧ coε ɔ୧ )  ,             i = ͳ,ʹ,͵                                                                       (3.117) 
 R୧−ଵ = ( coε ɔ୧ εin ɔ୧− εin ɔ୧ coε ɔ୧)            i = ͳ,ʹ,͵                                                                       (3.118) 
 
 
and  Tଵ (which has been calculated and shown in equation (3.93)) and Tଶ denote the phase delay 
matrices in first and second sections respectively. 
Further Tଶ indicates the phase delay matrix induced by the second section of the Hi-Bi fibre, 
which is under the influence of a pressure or force and Tଵ indicates the phase delay in the first section 
and can be calculated by considering f=0 in equation (3.93) 
 Tଶ = ቌcoε ቀɁȾ. Lమଶ ቁ − i εin ቀɁȾ. Lమଶ ቁ ͲͲ coε ቀɁȾ. Lమଶ ቁ + i εin ሺɁȾ. Lమଶ ሻቍ e−୧ሺNభభ+Nమమమ ሻLమ        (3.119) 
Tଶ = ቆe−୧మπλ ୆iLమమ ͲͲ e୧మπλ ୆iLమమ ቇ e−୧ሺNభభ+Nమమమ ሻLమ                                                                          (3.120) 
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Tଶ = A (ͳ ͲͲ e୧మπλ ୆iLమ)                                                                                                         (3.121) 
where A = e−୧[ቀNభభ+Nమమమ ቁ−πλ୆i],  B୧ is initial Hi-Bi fibre birefringence and Lଶ is the length of this 
part of Hi-Bi fibre (the first section), nୱ and n୤ are the refractive indices of slow (s) and fast (f) light 
propagation, respectively and ɉ is the wavelength used.  
After the clockwise and anticlockwise beams interfere at the coupler, the amplitude of the 
electrical field component light at ports 1 and 2 may be written as [237] 
 Pଵ୭୳୲ = ଵଶ ሺHRଷTଶRଶTଵRଵ + Rଵ−ଵTଵRଶ−ଵTଶRଷ−ଵHሻE୧୬                                                          (3.122) 
 Pଶ୭୳୲ = ଵଶ ሺRଷTଶRଶTଵRଵ + HRଵ−ଵTଵRଶ−ଵTଶRଷ−ଵHሻE୧୬                                                          (3.123) 
 
 
Here the transmitted light intensity detected at ports 1 and 2 is then given respectively by 
 Iଵ୭୳୲ = Pଵ୭୳୲∗ . Pଵ୭୳୲                                                                                                   (3.124) Iଶ୭୳୲ = Pଶ୭୳୲∗ . Pଶ୭୳୲                                                                                    (3.125) 
 
and the transmission spectrum at port 1 and port 2 will be given by 
 Tଵ = Iభ౥౫౪Ii౤                                                                                                                              (3.126) Tଶ = Iమ౥౫౪Ii౤                                                                                                                              (3.127) 
 
Thus T (the transmission equation 3.127) can be calculated by combining equations (3.111), 
(3.123) and (3.125): 
 T = −Ͷ εinሺɔଵ + ɔଷሻଶ (εin ଶ஠஛ ቀLభ୆ଶ − Lଶ[B − C ቀସ୤஠୰ቁ coεሺʹθሻ]ቁଶ − ͳ)                          (3.128) 
 
where the angle ɔଶ  is considered to be zero, which means that two sections of fibres are 
connected along the same birefringence direction. However, when a joint fibre with two different PM 
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fibres being connected together, a polarization controller is required to be used to eliminate the angle 
with Ɏ shift.  
Equation (3.128) describes clearly the relationship between the output signal from the sensor 
(Section 2 of the PM fibre) obtained by using the FLM technique and the pressure applied to the section.  
This arises because the perturbation, f, can cause a polarization mode coupling variation, leading to a 
change in the phase difference of the polarization modes, which can be monitored using an Optical 
Spectrum Analyser (OSA). 
 
Figure 3.18 shows the transmission spectra as a function of applied force, calculated based on 
equation (3.128) and assuming the following parameters: ɉ = ͳͷͷͲ nm, θ = Ɏ/Ͷ , Lଵ = ͶͲͲ mm, Lଶ =Ͷͷ mm, ɔଵ = ɔଶ = Ɏ/Ͷ and the typical value of photoelastic constant for fused silica is considered to 
be C = ͵.ͶͶ × ͳͲ−ଵଶ  mଶ/N [60].  The force applied on section 2 is increased in steps over the range 
from 0 to 10 N.  Equation (3.128) also indicates that the light transmitted at port 4 of the FLM is dependent 
on both the magnitude and direction of the force and the birefringence of the fibre. 
 
 
 
 
Figure 3.18 Transmission spectra of the fibre when it is exposed to a different transverse force 
ranging from 0 to 10 N 
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Figure 3.19 shows the wavelength shift from the initial situation, at a wavelength around 
1550nm, as a function of the fibre length when a constant force of 2 N is applied over a length of 45 mm 
on to two different types of fibres used, i.e. Hi-Bi PCF and Panda fibres, with B = ͵.ͺͲ × ͳͲ−ସ and B =ͳ.Ͷͷ × ͳͲ−ଷ respectively.  The overall fibre length is varied over the range from 0 to 50 m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19. Wavelength shifts from a base wavelength around 1550nm as a function of fibre length 
when a constant load is applied on to two different types of Hi-Bi PCF and Panda fibres with � = ૜. �૙ × ૚૙−૝ 
and � = ૚. ૝૞ × ૚૙−૜ respectively and the overall PM fibre length is varied from 0 to 5 m. The applied weight 
was 2N over a fibre length of 45 mm 
 
3.10 Summary 
The simulation results obtained have shown both a stress distribution inside the asymmetrical 
fibre (one hole) as well as birefringence in the fibre core.  In most cases asymmetric fibres may 
demonstrate similar characteristics to symmetrical fibres when there is no external perturbation, in this 
case the birefringence of the fibre calculated to be 8.2×10-5  for the single mode with one hole. 
This was followed by a theoretical of transverse pressure sensors in birefringent fibres based on 
a mode coupling theory. A new approach of fibre loop mirror as a technique of phase modulation for 
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measuring the lateral pressure and potentially for joint fibre is expanded. To underpin the design process, 
the sensitivity of several different Hi-Bi fibres to transverse pressure has been analysed theoretically 
using a fibre loop mirror (FLM) configuration and using mode-coupling theory in high birefringence 
fibres.  The theory has enabled a description of the transmitted light intensity of the FLM when a lateral 
pressure is applied to selected fibres of different type and length with the key sensor parameters being 
fibre length, fibre birefringence (and thus fibre type) and the effect of the direction of lateral pressure. 
The analysis has shown that the relation between the length and sensitivity is downward quasi-
hyperbolic so shorter fibre length can increase the sensitivity dramatically, and that fibres with higher 
birefringence have lower sensitivity.  
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4.1 Transverse force sensitivity of one and two side hole(s) 
fibres 
This section is focused on the evaluation of the lateral pressure sensitivity of two types of side-
hole(s) fibres, shown in Figure 4.1, as a function of the angle and magnitude of the external transverse 
force applied. Based on the cross-comparison of the results obtained from these two different structured 
side-hole fibres, discussions and conclusions are made in terms of their respective sensing potential.  
 
 
 
 
 
 
Figure 4.1 (a) One-hole high-birefringence fibre that has a hole diameter of 30 m and the distance 
between the right edge of the core to the left edge of the hole d d1 is 9 m. (b) Two-hole high-birefringence fibre 
that has two holes with the same diameter of 27 m and the distance between the right edge of the core to the 
left edge of the hole on the right d2 is 14 m. 
  
These two specialist fibres have been designed, fabricated, and supplied by Acreo AB in 
Sweden. Both types of fibres have the cladding diameters of 125 m (m) and core diameters of 8.7 m 
(aଵ = aଶ = ͺ.͹ Ɋmሻ.  The one-hole fibre as shown in Figure 4.1(a) has a hole diameter bଵ of 30 m and 
the distance between the right edge of the core to the left edge of the hole  dଵ is 9 m. The two-hole fibre 
shown in Figure 4.1(b) has a hole diameter bଶ of 27 m and the distance between the right edge of the 
core to the left edge of the hole on the right dଶ is 14 m. Table 4.1 shows the summary of the fibres 
parameters.  
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Fibre type One-Hole Two-Hole 
Supplier Acreo AB, Sweden 
Image 
 
 
fibre [m] 125 125 
core [m] 8.7 8.7 
Hole diameter [m] 30 27 
         Distance between the 
right edge of the core to the left edge of 
the hole 
9 14 
B (1550 nm) ͺ × ͳͲ−ହ ʹ.ͺ × ͳͲ−ହ 
 
Table 4.1   Summary of fibres parameters 
As analyzed in detail in Chapter 3, the inclusion of holes in the fibre structures is able to change 
the stress distribution inside the fibres; therefore, these side-hole fibres are expected to exhibit high 
sensitivity to the external perturbation, which may arise from variations in temperature, twist, strain, 
stress, or pressure. 
4.1.1 Sensor configuration 
Figure 4.2 shows a schematic diagram of the experimental set-up used in this work for pressure 
measurement using a PM fibre. The light source used is a single mode laser with an output power of 10 
mW at a wavelength of 1550 nm.  The light is launched into a PM fibre after passing through a 
polarization controller (PC) and a polarizer, which are used to achieve azimuthally control of the 
polarization of the light before entering the PM fibre. The polarization state of the light entering the fibre 
was adjusted to give equal intensity of light in each eigenmode of the sensing fibre.  An in-line polarizer 
fusion-spliced in front of a high birefringent sensing fibre can be used to replace the discrete component 
as shown in the diagram. 
In order to apply pressure/force in different directions, two fibre rotators were used to allow a 
resolution of 5 degree in the change of rotation. As illustrated in Figure 4.2, a PM side-hole fibre was 
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sandwiched between two parallel plates with two additional ‘dummy’ fibres (physically the same size 
carrying an optical signal) used as well to allow the plates to remain parallel when the force is applied, 
preventing the sensor fibre from twisting and the top plate from rocking. 
The sensing length l used was 45 mm and the PM fibre was loaded by applying a calibrated 
mass on the lever and measurements were undertaken, showing the intensity of the signal as a function 
of rotation angle of the fibre and the magnitude of the force applied. 
 
 
 
 
 
 
 
Figure 4.2 Schematic diagram of the experimental set-up of the PM fibre with force applied () is the 
angle between the applied force and the slow axis x of the fibre) 
The intensity of the light, after travelling through the birefringent section of the fibre and the 
polarizing analyser at the fibre output, is measured by a digital power meter.  
The output intensity can be readily analysed using the Jones matrix algebra as follows. As we 
assumed that the input beam is linearly polarized and both orthogonal polarization modes of the high-
birefringence fibre were equally excited. 
In that case, using the Jones matrix notation, the electric field of the light ܧ�௡ can be expressed 
as [233] 
ܧ�௡ = ଵ√ଶ ቀͳͳቁ ܧ଴                                                                                                                    (4.1) 
Chapter 4   Experimental evaluation of …  
 90 
where ܧ଴ is the magnitude of electrical field of input beam light and the matrix  ቀͳͳቁ show the 
light polarization state direction at an angle of 45° with the axes of the fibre, 
The electric field of the light after travelling through the birefringent section of fibre and the 
polarizing analyzer at the fibre output ܧ௢௨௧  can be calculated as ܧ௢௨௧ = ܣ�ܧ�௡                                                                                                                        (4.2) 
where A is the Jones matrices of the polarization analyzer and for the case of a polarization 
analyzer positioned with its axis at an angle of 45° with the axes of the fibre, A is given by [233] 
A = ଵଶ ቀͳ ͳͳ ͳቁ                                                                                                                       (4.3) 
and T is the transmission matrix (equation  3.96) 
The intensity detected after the polarization analyzer will be 
I = Eଶ = Iబଶ [ͳ + coεሺ ∆ɔሻ]                                                                                                  (4.4) 
where I଴ is the total output power. Therefore, the change in polarization will be observed as a 
change of intensity after the analyzer, producing a sinusoidal signal.  
In the other word applying a lateral pressure cause the phase difference between the two 
polarization modes HEଵଵ୶  and HEଵଵ୷  propagating in a birefringent fibre, as it can be seen in equation 
(3.111) ∆Ⱦ, is related to the applied pressure or transverse force through the change of differences 
between the propagation constants of polarization modes over a fibre length l, which can be expressed 
as follows. 
 ∆ɔ = ሺ∆Ⱦ − ∆Ⱦ଴ሻl                                                                                                               (4.5) 
 
Where ∆Ⱦ଴ is the difference between the propagation constants of polarization modes when 
there is no force and ∆Ⱦ represents the difference between the propagation constants of polarization 
modes when a force is applied on a fibre unit segment, and is given by equation (3.111)  
When the PM fibre is used for pressure measurement, the sensitivity can thus be defined as the 
change of phase difference per unit applying force per unit length as shown in equation (4.6) 
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  S = ∆஦∆୤                                                                                                                                  (4.6) 
Based on equations (4.5), (4.6) and (3.111), the pressure sensitivity of the PM fibre can thus 
be obtained when the force is applied in different directions, this forming the basis of the sensor.   
 
The sensitivity of a PM pressure sensor is dependent on the degree of polarization rotation 
angle introduced by a particular measurand and it represents the minimum detectable pressure change 
as a function of rotation angle.   
4.1.2 Evaluation of the side-hole fibre-based sensor performance 
Figure 4.3 shows the phase differences obtained over a sensing length of the fibres and a cross 
comparison was made between the two sets of experimental data obtained and of the theoretical data 
obtained by using (4.5) and (3.111), when both types of side-hole fibres were subjected to different 
loads at different angles. The phase differences have shown to increase with the increase of applied load 
and when the angle of applied force in relation to the slow axis of the fibre increases, the change of the 
phase differences becomes more dramatic, indicating different sensitivities when the fibres are used for 
pressure measurements. For both types of fibres, a maximum sensitivity can be achieved when the force 
is applied at Ͳ° and ͻͲ° in relation to the fibre slow axis. The experiments have also confirmed that the 
sensitivity of these specialized pressure sensors is independent of the fibre length and of the axial 
location of the force along the fibre length compared to the other sensors [236]. This makes the sensors 
more suitable for distributed force measurement. 
Figure 4.3 (a) shows the results obtained from the one-hole fibre, when it was respectively 
subjected to different loads at various angles, of 0°, 30°, 60° and 90°. It can be seen that when the 
applied force is lower than 50N, there is a good agreement between the experimental and theoretical 
data for 30°, 60° and 90° but this is not seen for 0°.  When the force applied is increased, there is an 
increasing discrepancy between the theoretical and experimental data.  This disagreement arises from 
the assumption in theory that the hole(s) is/are not distorted under the pressure, which is true when the 
applied force is within a certain range. Therefore the theory should be valid before the shape of the 
hole(s) and the cladding starts to change. 
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(a) 
 
 
 
 
 
 
 
(b) 
Figure 4.3 Comparison of experimental and theoretical phase differences of the PM fibres when 
force is applied at different angles in relation to the slow axis of the(a) one-hole fibre, (b) two-hole fibre 
 
As a result, the assumption of the theory used in equations (4.5) and (3.111) is no longer 
completely valid. This phenomenon can also be seen for the situation when  is zero, i.e. the direction 
of the applied force is along the fast axis.  Even when a small force is applied, the assumption of a 
circular hole used for the theory does not hold and therefore the agreement between theory and 
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experimental data seen elsewhere is lost.  Similar results have been observed for two-hole fibres in 
Figure 4.3 (b), when the force is applied at different angles and again within a limited range, there is 
agreement between theory and experimental data when the angels are 30°, 60° and 90°, but not at an 
angle of 0°. Also, for both fibres, the increase of rotation angle enables the sensing range to be shortened 
and compared to the situation for the two-hole fibre, revealing that the sensing range of one-hole fibre 
is much wider. 
Figure 4.4 summarizes the sensitivity trend for one-hole and two-hole fibres respectively, when 
the angle of the applied force varies. The force applied was 2 N, over a distance of 45 mm. The blue 
cross symbols in Figure 4.4 show the sensitivities obtained from experimental data and the blue lines 
show the results obtained from theory. As explained above, when the force is applied along the fibre 
slow axis, there is a mismatch between the theory and experiments, due to the assumptions in the theory 
which then become invalid. However when the rotation angle is at either 30°, 60° or 90°, agreement is 
seen especially when the force applied is within a specific range and especially when the rotation angle 
approaches 90°. 
In light of the above results obtained, it can be concluded that in the design of an optimized 
sensor device using such fibres, there is a compromise that can be struck between the sensitivity and the 
sensing range.  Compared to the two-hole fibre, one-hole fibre has demonstrated wider sensing range, 
but smaller sensitivity when they are subjected to the same conditions.  This will have implications for 
practical applications of the technique when these fibres are used for directional pressure measurements.  
Compared to the other phase-based techniques reported, these two sensors have demonstrated wider 
sensing ranges [234].  
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(a) 
 
(b) 
 
Figure 4.4: Sensitivity as a function of rotational angle for (a) one-hole and (b) two-hole fibres 
 
4.2 Transverse force sensitivity of photonic crystal fibres 
Photonic crystal fibres (PCFs) are a recent generation of fibres which are characterized by a 
periodic arrangement of air holes running along the entire length of the fibre, centred on a solid or 
hollow core. PCFs represent a diversity of interesting features as optical fibres, for example, achieved 
through the change or periodic modification of their geometric structures when composed of a single 
material, allowing access to the special properties of the fibres, which are of interest for a wide range 
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of different sensing applications, as shown. 
Since Photonic Crystal Fibres (PCFs) were first introduced by Knight et al. in 1996 [66], there 
have been various reports which have explored the potential of using these micro-structured optical 
fibres as the basis of sensors for various industrial applications [67], such as strain and temperature 
sensors [68][69] and as hydrostatic pressure sensors [70][71]. 
Limited research has been undertaken on their potential as lateral force/pressure sensors using 
their birefringence characteristics. Zhang et al. [79] have investigated theoretically the birefringence 
properties of a Panda-type PCF and shown that there is a dependence on the direction of the force being 
applied. 
Liu et al. [80] have reported a similar dependence on the direction of the applied force for a 
simulated ‘grapefruit-structured’ PCF. In order to improve the directional sensitivity of PCFs to a 
variation in lateral pressure, the use of several different schemes, such as employing fibre gratings [81] 
or an interferometric configuration [82][83] have been reported. The work published by Peng et al. [84] 
has shown that when a standard hexagonal (low birefringence) PCF was used as a transverse load sensor, 
an (unspecified) offset load was required to introduce the desired birefringence, which can then be 
measured and the highest sensitivity to a transverse load reported in literature using PCFs was 
approximately 0.5 nm/N mm [83][84].  
Recently Yang et al. [238] have presented research on the development of an embedded 
transverse pressure sensor with negligible temperature sensitivity, which has shown transverse pressure 
sensitivity in different directions with respect to the birefringence axes of the PM- PCF. 
The field is one where new applications of PCF in Sagnac interferometer (or termed Fibre Loop 
Mirror) configuration has also been reported recently. For example a fibre-optic curvature sensor based 
on hollow-core photonic crystal fibre (HC-PCF) Sagnac interferometer has been demonstrated by Gong 
et al. [239] in which the two ends of the 36 cm HC-PCF are spliced to the two arms of a 3 dB single-
mode fibre coupler to form the Sagnac interferometer. The results obtained from an analysis of the 
output spectra confirmed a linear relationship between the wavelength shift and the curvature, showing 
a high curvature sensitivity but a low temperature sensitivity. 
In addition, Cui et al. [240] reported the use of an optical fibre Sagnac interferometer to form 
a temperature sensor by using a selectively filled polarization-maintaining photonic crystal fibre (PM-
PCF). Again the temperature-sensitive transmission spectrum of the interferometer was used, coupled 
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to an extremely low- cost process to realize the selective filling. Their results showed a high sensitivity 
with a 117 mm PM-PCF and an investigation of the sensitivity dependence on the infiltration length 
ratio was also undertaken. 
Specifically the use of the FLM technique for the measurement of pressure and force has been 
reported previously in several published papers: however most of this reported work has been focused 
on the measurement of hydrostatic pressure [241], while only a few papers discussing lateral pressure 
sensor designs [242], for example from Gan et al. [243], who have reported a pressure sensor design 
which is orientation-free, by using a π-shifted all-single-mode-fibre (SMF) Sagnac interferometer. In 
addition, Kim et al. [244] have demonstrated a transverse load sensor designed to employ a section of 
highly birefringent PCF with a modified air hole distribution and thus achieved a sensitivity of 2.17 
nm/N cm.  Yong et al. [245] have demonstrated a technique which is able to convert the wavelength 
shift into a signal intensity variation to allow a simpler, and thus cheaper detection system to be used. 
All the above work shows the ‘state-of-the-art’μ emphasizing the importance of the field and 
the research in this section builds on what has been reported in the literature and describes an 
investigation into a lateral force measurement system, looking in detail at the performance of different 
types of PCF in a Sagnac interferometer configuration.  
Previous experiments undertaken have been focused on the directional transverse force 
measurement using different side-hole fibres and this section is focussed on the experimental evaluation 
of photonic crystal fibres to study their respective sensitivities both to the magnitude and to the direction 
of an applied lateral force. 
4.2.1 Sensor fabrication 
Herein four different types of PCFs have been investigated to study their respective 
sensitivities both to the magnitude and to the direction of an applied lateral force. In addition, the 
birefringence characteristics of a pair of joined PCFs were investigated, using PCFs designed, fabricated 
and supplied by IPHT, Jena, in Germany and UMCS, Lublin, in Poland. 
Table 4.2 shows the details of the four PCFs evaluated in this work, which includes two 
standard hexagonal PCFs (Types 391b3 and 090329P), a Hi-Bi PCF (Type 070107P2), a six-hole PCF 
(Type 478b2) and also a Panda (PM1550-HP) fibre for cross-comparison. 
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Fibre type PCF 478b2 
PCF 
391b3 
PCF 
070107P2 
PCF 
090329P 
Panda 
PM1550-HP 
Supplier IPHT, Jena, Germany UMCS, Lublin, Poland Thorlabs 
Image 
 
 
 
 
 
Cladding [m] 125.1 125.3 96 119 125 
MFD [m] 11.6 14-2 - - 10.5 ± 0.8 
d [m] 13.8 3.3 1.4 2.5 - 
 [m] 15.0 8.4 3.1 5.6 - 
D [m] - - 2.7 - - 
Length [m] 9 9 0.4 (0.7) 9 0.4 (0.7) 
B(1550) 1.815e-5 4-02e-6 1.446e-3 4-1e-6 3.8e-4 
 
Table 4.2   Parameters of the photonic crystal fibres used in these experiments. In the table, MFD is 
the Mode Field Diameter, d the small hole diameter, D the large hole diameter in the case of the Hi-
Bi fibre, Λ the distance between adjacent holes, B(1550) the birefringence at 1550 nm, and S the 
sensitivity around 1550 nm at the most-sensitive direction. 
 
The sensitivity of the polarization maintaining fibres to a known force, for different lengths 
and birefringence values of the fibres (under a fixed applied force) has been investigated, theoretically 
in Chapter 3. The theoretical analysis shows that the pressure/force sensitivity is not a linear function 
of the fibre length and birefringence value of the fibre. It also indicates that using a shorter fibre length 
can increase the fibre pressure/force sensitivity. 
4.2.2 Sensor configuration 
In order to investigate the effect of the birefringence variation of the PCFs selected, as a 
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function of applied force, a similar fibre loop mirror (FLM) was configured as shown in Fig. 4.5. The 
setup consists of a superluminescent light emitting diode (SLED) with its emitting wavelength being 
centred at 1550 nm and a 3 dB coupler which splits the input signal into two waves that counter-
propagate along completely identical paths and thus experience the same loss. Hence, the condition for 
achieving optical interference in the fibre is satisfied. In addition, the FLM configuration has shown a 
low insertion loss, polarization independence to the input light, a broad spectral bandwidth and a high 
resistance to environmental changes as the two waves propagate through identical paths. The extinction 
ratio of the system can be maximized using a polarization controller (PC) within the loop (Fig. 4.5) 
where the interference patterns were monitored using an Optical Spectrum Analyser (OSA). 
 
 
Figure 4.5. Schematic of the experimental setup used in this investigation.  PCF is the photonic 
crystal fibre used and PC is the polarization controller.  SLED is the superluminescent LED source and OSA 
is the Optical Spectrum Analyzer used.  The force, F, is applied as shown. 
   
The PCFs used were fusion-spliced to standard single-mode fibres at both ends for ease of 
setting up the FLM used for the evaluation planned and the losses arising were observed to be 
approximately 10 dB and 4.0/8.7 for two hexagonal PCFs (Types 391b3a and 090329Pb), 15 dB for the 
Hi-Bi PCF (Type 070107P2) and 3.0 dB for the six-hole PCF (Type 478b2). 
A lower insertion loss can be achieved by including an intermediate fibre or by optimizing the 
parameters for fusion splicing. However, the sensing accuracy and reproducibility of the sensors created 
on the PCFs should not be affected by the relatively high splicing loss. 
Table 4.3 shows the photos of splices and also summarizes the information in relation to the 
fusion-splices between various types of PCFs and single mode fibres, where d Ȝ/dT represents the 
wavelength shift dependence on temperature variation. 
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 Image Fibre Splice image Length (m) 
Loss 
(dB) 
Birefringence 
(×10-4) 
d Ȝ/dT 
(nm/K) 
Th
o
rla
bs
 
 
PM1550-HP 
 
0.4, 0.7 2.0 / 2.7 0.8 -1.7 
U
M
CS
 
 
070107P2 
 
0.4, 0.7 12.5 / 17.8 14-5 -0.05 
 
090329P 
 
9 4-0 / 8.7 0.04 -- 
IP
H
T 
 
478b2 
 
9 2.8 / 3.0 0.18 -- 
 
441b2 
 
9 27.5 / 27.7  -- 
 
391b3 
 
9 10.0 / 10.1 0.04 
- 
 
Table 4.3 shows the pictures of fusion splices of various types of PCFs to single mode fibres 
 
4.2.3 Evaluation of the PCF-based sensor performance  
Figure 4.6 shows a photo of an experimental set-up. The length of the Hi-Bi PCF was chosen 
to be approximately 0.4 and 0.7 m while the low birefringent fibres were required to be much longer (9 
m) in order to ensure the spacing between interference fringes is observable within an OSA. In order to 
apply stress/force from different directions, two fibre rotators were used (Figure 4.6) and the PCFs were 
sandwiched between two parallel plates of 45 mm in length. The applied force was increased in steps 
of 2 N, over the range from 0 to 10 N. 
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Figure 4.6 Experimental set-up for the evaluation of PCF-based pressure/force sensors 
 
As shown in equation 3.130, the lateral pressure sensitivity of PM fibres using FLM is 
dependent on the fibre length and the initial birefringence of the Hi-Bi fibres. 
Figure 4.7 shows the wavelength shift as a function of the force applied to two different lengths 
(the length of second part, length L2 in equation (3.130)) of the Panda and the Hi-Bi PCF, of lengths 
0.40 m and 0.70 m respectively.  The applied force was increased in steps of 2 N, over the range from 
0 to 10 N.  
A cross-comparison was made between the experimental data obtained (Exp) and the results 
of the theoretical analysis using equation (3.128), when both types of fibres were subjected to the same 
loading.  As can be seen from figure 4.7, the wavelength shift shows a linear relationship with the 
transverse pressure.  Good agreement is seen between the theoretical and experimental results, this being 
less evident in the case of Panda fibre of length 0.40 m where the theoretical prediction is a little higher 
than the experimental results obtained.  This discrepancy is likely due to the assumption made in the 
theoretical analysis that there is a minimum contact surface area of fibre with the applied force, which 
is difficult to realize in practice. 
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Figure 4.7: Wavelength shift versus external load for force up to 10N, in steps of 2N.  Points 
represent the experimental results (Exp) and the solid lines the results of the theoretical analysis (The) 
 
The results obtained show that the fibres with the same birefringence but with different lengths 
have demonstrated different sensitivities to force. For example, for the Panda fibre, the sensitivity 
observed is 0.72 nm/N mm and 0.41 nm/N.mm respectively for 0.40 and 0.70 m: here the fibre with the 
shorter length demonstrates a higher sensitivity to the applied lateral force.  A similar conclusion is 
made for Hi-Bi PCF with the pressure sensitivity of being 0.26 nm/N.mm and 0.14 nm/N.mm 
respectively for the 0.40 m and 0.70 m lengths of fibres respectively. 
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Table 4.4 Experimental data showing the sensitivity dependence of PM fibres on the fibre length, with 
reference to the theoretical prediction 
 
The experimental results obtained also confirm that the pressure sensitivity of the fibre is 
dependent on the birefringence as well as the length and these results obtained are summarized in Table 
4.4. This shows that the higher birefringence is associated with a higher pressure sensitivity. 
Figure 4.8 summarises the spectral wavelength shifts (at around 1550 nm) when a constant 
load is applied to the two types of fibres used, Panda and Hi-Bi PCF, along different directions over the 
range from θ = Ͳ° to ͳͺͲ°, where θ is the angle between the applied force and the slow axis of the fibre. 
In this experiment, the applied force used was 2 N applied over a distance of 45 mm.  
Figure 4.8 confirms that at θ=λ0º, the wavelength shift reaches the peak expected from the 
theoretical prediction.  This shift is predicted to be 1.54 nm and 0.53 nm respectively for the Panda and 
the Hi-Bi PCF fibres: experimentally these wavelength shifts were measured to be 1.28 nm and 0.40 
nm respectively, also demonstrating a smaller wavelength shift for both fibres. At θ=0º and θ=180º, 
wavelength shifts were observed and predicted by the theoretical analysis to be -1.54 nm and -0.53 nm 
for the Panda and Hi-Bi PCF respectively, where the experimental data confirm again smaller 
wavelength shifts: there being -1.12 nm and -0.40 nm respectively.  The results are tabulated in Table 
4.5.  The discrepancy between the theoretical and experimental data observed in Figure 4.8 again is 
expected to result from the assumption made in the theoretical analysis that there is a minimum contact 
surface area with the applied force and this is difficult to realize in practice. 
 
Fibre type Fibre length 
(m) 
Experimentally measured sensitivity 
(nm/N.mm) 
Theoretically predicted 
sensitivity 
(nm/N.mm) 
HiBi PCF 0.40 0.26 0.27 
HiBi PCF 0.70 0.14 0.15 
Panda 0.40 0.72 0.76 
Panda 0.70 0.41 0.42 
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Figure 4.8 Wavelength shift versus fibre orientation (force direction) for angles from ૙° to ૚�૙°.  
Points are obtained from the experimental work and the solid line results from the theoretical analysis 
 
Fibre type Fibre orientation, θ (Degrees) 
Experimentally 
measured wavelength 
shift (nm) 
Theoretically predicted 
wavelength shift (nm) 
HiBi PCF 90 0.40 0.53 
HiBi PCF 0 or 180 -0.40 -0.53 
Panda 90 1.28 1.54 
Panda 0 or 180 -1.12 -1.54 
 
Table 4.5 Experimental data showing the sensitivity dependence of PM fibres on the fibre orientation, 
with reference to the theoretical prediction 
 
Figure 4.9 summarizes the normalized spectral wavelength shifts seen at wavelengths of 
around 1550nm when a constant load is applied to the four types of PCFs, i.e. 9 m lengths for Types 
391b3a, 090329Pb and 478b2a and 0.7 m for Type 070107P2b, with different orientations from 0 to 
180 deg. The force applied was 2 N, over a distance of 45 mm and the results were normalized to the 
maximum value for each fibre.  
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Figure 4.9. Wavelength shift versus fibre orientation (force direction) for angles from 0 to 180 deg 
for the four fibre types considered. 
It is clear from Figure 4.9 that the force sensitivity of all the PCFs tested is dependent on both 
the direction of the applied force and on the geometrical structures of the fibres themselves. For example, 
for hexagonal PCFs (Types 391b3a and 090329Pb), a period of 120 deg. is observed and for the higher 
birefringent structures (Types 070107P2b and 478b2a), a period of 180 deg. is observed. As a result, in 
the following applied force measurements considered, the orientation of each PCF was specifically 
chosen according to the highest sensitivity actually achieved. 
Figure 4.10 shows the wavelength shift as a function of the applied force for each of the PCFs 
evaluated, changing the load in steps of 1 N, for forces applied of up to 10 N. The results obtained show 
that the PCFs with lower birefringence demonstrate a higher sensitivity to the applied lateral force. Thus 
the sensitivities obtained for the Hi-Bi PCF (Type 070107P2), six-hole fibre (Type 478b2) and two Low-
Bi PCFs (Types 391b3 and 090329P), over an interaction length of 45 mm, are 0.298, 0.837, 3.580 and 
4.07 nm/N. However, it is more convenient to express the sensitivity per unit length. Thus to represent 
these measurements in that way, the data given are divided by the length of fibre used and which is under 
stress (but also divided by a multiple by two as any direct force will be experienced twice because of the 
reflection of the light along the fibre). Thus the normalized sensitivity of these fibres can be reported as 
0.014, 0.038, 0.162 and 0.185, nm/N mm respectively. 
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Figure 4.10. Wavelength shift versus external load for applied forces of up to 10 N, in steps of 1N for 
four different fibres (Type numbers shown and described in detail in the text) 
These results obtained are summarized in Table 4.6. This shows that the lower birefringence 
is associated with a higher pressure sensitivity. 
Image Fibre Length (m) 
Birefringence 
(×10-4) 
d/df 
(nm/N mm) 
U
M
CS
 
 
070107P2 0.4 14-5 0.015 
 
090329P 9 0.04 0.194 
IP
H
T 
 
478b2 9 0.18 0.036 
 
391b3 9 0.04 0.186 
 
Table 4.6 Experimental data showing the sensitivity dependence of PM fibres on the 
birefringence of the fibres, with reference to the theoretical prediction 
090329P  
391b3  
478b2 
070107p2  
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As can be seen from Figure 4.10, low birefringence PCFs demonstrates a higher sensitivity to 
the applied lateral force, but such fibres require a longer sensing length, typically 9m for a PCF with B =Ͷ.ͳ × ͳͲ−଺, compared to the 0.7m length required for a high birefringence PCF, as illustrated in Fig. 
4.10, to ensure that the interference peak shift is sufficiently well identified using an interrogator.  One 
possible solution to address the issue of adequate sensitivity over a reasonable length coupled to the 
higher sensitivity demonstrated by a low birefringence PCF is to consider the effect of joint PCFs and 
their potential for sensor applications. 
4.3 Transverse force sensitivity of Joint PCFs  
The experimental configuration discussed extensively in previous sections is suitable for force 
measurement using a short length Hi-Bi fibre but might not for the Low-Bi fibres. This is due to the fact 
that the birefringence and fibre lengths are inversely proportional, as described in equation (4.7), where 
the wavelength separation, ∆ɉ୮ଶ୮ between the two output transmission peaks using FLM [162], is given 
by: 
∆ɉ୮ଶ୮ = ஛మL୆                                                                                                                           (4.7) 
when a polarization maintaining fibre experiences a lateral pressure/force, the visibility of at 
least one peak or dip is required, allowing for the tracking of the wavelength shift. Therefore the length 
of the Low-Bi PCF fibres must be long enough to allow the peak or dip to be ‘visible’ within the 
detection range of an Optical Spectrum Analyser (OSA) or a Micron Optics tracking system (e.g. Type 
sm130). 
In this work, the length of the Hi-Bi PCF was chosen to be approximately 0.7m, while the 
length of the low birefringent fibres is required to be longer, e.g. 9 m in this work, in order to ensure the 
spacing between interference fringes is observable using the OSA or Micron Optics system.  
Figure 4.11 shows the interference pattern obtained using an OSA showing the effects 
observed from the Low birefringence PCF (Type 090329Pb) and the High Birefringence PCF (Type 
070107P20), illustrating the comparative wavelength spacing between the peaks.   
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Figure. 4.11. Interference pattern obtained using the OSA showing the effects seen from the Low 
birefringence PCF (Type 090329Pb) and the High Birefringence PCF (Type 070107P20), illustrating the 
comparative wavelength spacing between the peaks.  (In each case the vertical axis is an arbitrary intensity 
and the horizontal axis shows the wavelength range from 1450 to 1650 nm) 
 
The use of a long length of a fibre is not only costly but also problematic in practical 
applications. On one hand, using a shorter fibre length is more economic, but the sensitivity depends 
strongly on the direction of the applied force direction. On the other hand the lower birefringence fibre 
has a higher sensitivity to the applied force but a greater length is needed to show a significant effect. 
Figure 4.12 shows the snapshots of Interference patterns of Low and high Birefringence PCFs.   
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(a) 
 
 
 
 
 
 
 
 
(b) 
Figure 4.12: Interference pattern snapshots of (a) Low birefringence and (b) High Birefringence 
PCFs 
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4.3.1 Sensor configuration 
A modified configuration system of the FLM allows the use of a short fibre length, 
emphasizing the advantages of Hi-Bi PCFs and low directional sensitivity of Low-Bi PCFs. To 
achieve this modified FLM, a configuration in which two different types of PCFs were used is shown 
in figure 4.13. 
 
 
Figure 4.13. Schematic of the experimental setup used in this investigation. PCF1 and PCF2 are 
photonic crystal fibres and PC1 and PC2 are polarization controllers. SLED is the superluminescent LED 
source and OSA is the Optical Spectrum Analyzer used. The force, F, is applied as shown. 
 
Figure 4.13 thus shows a modified setup for the configuration in which a joined piece of fibre 
is used. As can be seen (by comparison to figure 4.5), a second piece of fibre (PCF2) as well as a second 
polarization controller have been added to the setup and in this modified setup the extinction ratio of 
the system can be maximized using a polarization controller (PC1) within the loop (as shown in figure 
4.5). The PCFs used were fusion-spliced to single-mode fibres at both ends and then connected together 
via a polarization controller (PC2). 
When two different types of polarization maintaining fibres are connected together using a 
single mode fibre, their fast/slow axes will not necessarily match, and thus the excitation ratio will 
decrease. Therefore in this configuration PC2 is used to control and align the polarization-state between 
the fast/slow axes of the two PCFs, when the output light from PCF1 enters PCF2 after passing though 
the single mode fibre (SMF), and the interference patterns obtained were monitored using an Optical 
Spectrum Analyser (OSA). The PCF and the SMF were fusion-spliced using an arc fusion splicer and 
due to the structural and mode-field mismatch between the PCFs and SMFs, the splicing loss is 
relatively high, at 10.0 dB and 4.0/8.7 dB for two standard hexagonal PCFs (Types 391b3a and 
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090329Pb) joined to the SMFs. For Hi-Bi PCF Type 070107P2b and six-hole PCF Type 478b2a, the 
splicing losses were measured to be 12.5/17.8dB and 2.8/3.0dB respectively. A lower insertion loss can 
be achieved by applying an intermediate fibre or by optimizing the parameters for fusion splicing. 
However, the performance and reproducibility of the sensors thus created with the spliced PCFs should 
not be affected by the relatively high splicing loss. 
In order to apply the force in different yet known directions, two mechanical fibre rotators were 
used to allow a resolution of 5º in the change of rotation when the sensing PCF fibre is sandwiched 
between the two parallel plates used. The sensing length of the PCF used was 45mm and the fibre was 
loaded by applying standard, known weights. 
The transmission spectrum, T, of an optical FLM is described by [237] 
 T = [sin (φ/2) sin (θ1+ θ2)] 2                                                                                      (4.8) 
where θ1 and θ2 denote the angles of rotation of polarization state when propagating light enters 
the PM fibre and φ =2πLB/Ȝ is the phase difference. Ȝ is the guided wavelength, L the sensor fibre 
length, B=nx(Ȝ)−ny(Ȝ) the birefringence, and nx(Ȝ) and ny(Ȝ) are the effective refractive indices of the 
fast and slow fibre axis, respectively. 
The phase difference φ in equation (4.8) changes in response to the change in the fibre length 
and the birefringence, both of which are affected by mechanical load variation and the temperature.  
Therefore, the wavelength shift, ∆� , in the transmission spectrum due to the temperature and the 
transverse mechanical load variations can be written as 
∆ɉ ≈ ቀ� ∂�∂� + ܤ ∂�∂�ቁ ∆� + ሺ� ∂�∂� + ܤ ∂�∂�ሻ∆F                                                                          (4.9) 
where ΔT is the temperature variation and ΔF  is the variation of the mechanical load.  ∂L/∂T 
and ∂L/∂F  describe the elongations of the fibre due to the temperature and mechanical load variation, 
respectively. These parameters are, however, negligible [162] compared to the birefringence change 
under the force. As the PCFs are insensitive to any temperature variation, equation (4.9) can thus be re-
written as 
∆ɉ ≈ �୤ ∂�f∂� ∆ܨ                                                                                                                    (4.10) 
where ∂BF/∂F  is the birefringence variation coefficient introduced by the measured lateral 
Chapter 4   Experimental evaluation of …  
 111 
mechanical load. This parameter is a constant depending on the material properties, including the 
photoelastic coefficients, Young’s modulus and Poisson’s coefficient. It is clear from equation (4.10) 
that the wavelength shift is directly proportional to the transverse mechanical load. 
4.3.2 Evaluation of the joint PCF-based sensor performance 
    Figure 4.14 shows the wavelength shift, as a function of force, applied in steps of 1N up to 
10 N, for a series of joined PCFs tested (where the second code represents the sensing PCF).  The length 
of the PCFs was chosen to be approximately 0.7 m for consistency. 
The results obtained show that the combination of PCFs with the lowest (Type 090329p) and 
the medium level of (Type 478b2) birefringence demonstrates a higher sensitivity to the applied lateral 
force, with a sensitivity of 0.021(nm/N.mm) when the lower birefringence fibre was used as the sensor.  
By varying the sensing PCF fibres used, the lowest sensitivity that has been achieved was 0.002 
(nm/N.mm). The sensitivities obtained for the other fibre combinations were found to lie between these 
two values. 
 
 
 
 
 
 
 
Figure 4.14. Wavelength shift versus external load for different combinations of PCFs for forces 
(loads) up to 10 N. The direction of the load applied to each PCF fibre combination used 
corresponds to the maximum sensitivity, as shown in Fig. 2. (Fibre types making up the 
combinations are shown in the inset.) 
Fig. 4.15 summarizes the measured wavelength shifts as a function of the applied force for 
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different PCFs, both individually and in fusion spliced combination and the results show that the 
sensitivity to force of the joint PCFs evaluated, a combination of PCFs with a medium and a low 
birefringence, is 0.044 (nm/N.mm). The total length of the combination was chosen to be approximately 
9 m.  This sensitivity is lower than that of the low and medium birefringence PCFs alone (being 0.185 
and 0.162 nm/N.mm respectively) but more sensitive than that of high birefringence PCF (with a 
sensitivity of 0.014 (nm/N.mm)). 
 
 
 
 
 
 
 
 
Figure 4.15. Wavelength shift versus external load for different individual fibres shown: types 
090329p, 070107p2, 391b3, 478b2 and the combination 478b2 and 090329p, for applied forces 
(loads) of up to 10N. The direction the load was applied on each PCF corresponds to the 
maximum sensitivity illustrated in Figure 4.13. 
 
The investigation confirms that when the length of the sensing fibre available is limited (for 
example in the case where the lateral force extends over a limited area of length of fibre), the use of a 
spliced PCF combination gives the best sensitivity for good lateral force or pressure measurement, over 
the use of either PCF alone. 
Table 4.14 summarizes the sensitivity of the fibres when they are joint together 
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Fibre Sensitivity (Individual) 
 
Sensitivity 
(Joint) 
 
070107P2 0.15 
0.07 
090329P 0.194 
478b2 0.036 
0.47 
090329P 0.194 
090329P 0.194 
0.244 
478b2 0.036 
090329P 0.194 
0.05 
070107P2 0.15 
478b2 0.036 
0.176 
070107P2 0.15 
070107P2 0.15 
0.176 
478b2 0.036 
 
Table 4.7summarizes the sensitivity of the fibres when they are joint together 
 
4.4 Summary  
 
In this chapter a series of experimental tests has been undertaken to evaluate the performance 
of two types of side-hole fibres when they are subjected to various loads at different orientations with a 
view to designing an optimized sensor system. The detailed theoretical analysis, which has been carried 
out in chapter three, supports this.  As a result it has been shown that the lateral pressure sensitivity of 
both one and two-hole fibres has been successfully obtained and cross-compared with the results from 
the theory, from which it was confirmed that to optimize the design of a device based on this effect in 
these fibres, a ‘trade-off’ between the sensing range and sensitivity is observed.  Thus different designs 
can be proposed for different situations.  The results further have shown that there is good agreement 
between the experimental data and the theoretical analysis when the applied force lies within a certain 
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specific range and when the direction of applied force is further away from the slow axis.  This is due to 
the fact that in the theory an assumption has been made that the holes in the fibres remain fully circular, 
even when the force is applied to the fibres, and experimentally it is known that this does not hold.  An 
important conclusion is that these theoretical and experimental results obtained can form an effective 
foundation for employing these side-hole fibres as optical fibre sensors for real-time pressure 
measurements. 
 
Following the design evaluation of a high birefringence single mode optical fibre-based sensor 
for pressure monitoring applications in chapter three, a series of experiments has been implemented on 
two different Hi-Bi fibres (Hi-Bi fibres Panda and PCF) to measure the fibres sensitivity to transverse 
pressure and angle dependency using a fibre loop mirror (FLM) configuration. The experiment results 
have shown that using a shorter fibre length can increase the fibre sensitivity and that fibres with higher 
birefringence have lower sensitivity as they were expected from theory.  Also the experiment results have 
been revealed that sensitivity of Hi-Bi fibres are strongly dependent on the applied pressure angle. An 
experimental trial of a sensor system was also undertaken based on these design parameters and, in 
general, the results were found to be in good agreement with the theoretical analysis where discrepancies 
were found, a suitable explanation was considered.    
Following this, then four different types of solid core PCFs were experimentally investigated 
for their suitability as transverse force sensor elements in a fibre loop mirror (FLM) configuration.  It 
was shown that not only specifically designed Hi-Bi fibres are suitable for that purpose but also standard 
hexagonal ones with low birefringence, offered even higher sensitivity and less dependence on the fibre 
orientation.  
The work undertaken has thus demonstrated the potential of fibres of this type in force/pressure 
measurement, taking the advantage of these fibres being insensitive to temperature variations and the 
flexibility in the design of the cross-sectional micro-structures.  
Also it was shown that these fibres offering acceptable sensitivity for short length low 
birefringence fibres when they join together.
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5.1 Introduction 
In this chapter, the analysed sensing technique in chapters three and four have been used for the 
in situ detection of steel corrosion distributed in reinforced concrete structures. 
Over the past century, reinforced concrete has become the most widely used construction 
material in the built environment [246]. One of the key challenges facing the industry is to design 
reinforced concrete that will stand the test of time while retaining its integrity during the expected 
lifespan. One of the main pitfalls of concrete as a construction material is its inability to fully prevent 
corrosion of the reinforcing steel. 
While much advancement has been made in terms of protecting against corrosion (i.e., 
improvements in concrete durability), there is always the risk that corrosion may occur. As a result, 
corrosion monitoring in concrete structures has now become a major component of the design process. 
The importance of this was properly recognized in the late 1970 s [247], after the degradation of 
reinforced concrete structures by corrosion was seen as a reality. 
At present, a number of techniques are available to assess the likelihood of reinforcement 
corrosion in concrete structures [248]–[250]. These include electrochemical techniques which, under 
normal working conditions, can give reasonably accurate information relating to parameters such as the 
steel corrosion rate and the chloride ion concentration. However, with each of these techniques it is 
difficult to achieve continuous measurement and in most cases rigorous surveys must be carried out 
manually, on site.  
Optical fibre sensors (OFSs) are now becoming increasingly popular in the field of structural 
health monitoring (SHM). Compared to conventional electrochemical sensing techniques, OFSs have 
many characteristics which make them more favourable for SHM including: small size and light weight, 
immunity to electromagnetic interference, stability of material and good multiplexing capabilities [251]. 
The concept of SHM using OFSs has been recognized for some time although the industry has been very 
slow to implement and standardize many such proven forms of measurement. This is mainly due to the 
high cost of the existing OFS systems and some key issues which require to be addressed to meet 
industrial standards, such as durability and long term stability. 
Over the past decade, the potential for using OFS techniques to monitor the corrosion of metals 
has been explored. The most popular method has been to replace part of a fibre cladding with the metal 
under study and monitor changes in transmitted power due to corrosion [251], [252]. This technique 
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simulates what may happen with nearby steel reinforcement, however, no information on the actual rebar 
corrosion is provided. In addition, the sensing principle is usually intensity-based, which is known to 
suffer from limitations of low signal-to-noise ratio and inaccuracy due to fluctuations of the light source. 
The long period grating-based technique has also been reported for monitoring the corrosion of 
reinforcement in concrete [253], [254] which takes full advantage of fibre sensitivity to the refractive 
index variation of the surrounding environment caused by the changes in ion concentrations [255], [256]. 
More recently, strain measurements using Fibre Bragg Gratings have been reported, in an attempt to 
directly monitor the corrosion at the steel-concrete interface [257]–[262]. 
However, the above OFS techniques can only be used to monitor corrosion at discrete locations 
where the sensors are installed, but the initiation of corrosion may occur at any point of the rebar, even 
at locations where there is no sensor installed. 
Therefore, there is a real need for a monitoring system which is able to alert the onset of 
corrosion irrespective of its location. 
This chapter aims to address this challenge by using a force sensing technique based on the 
polarization characteristics of a polarization-maintaining photonic crystal fibre (PCFs), which evaluated 
in chapter four in an attempt to accurately determine the onset and development of corrosion along 
embedded reinforcement bars. 
5.2 Principle, fabrication and instrumentation 
Corrosion is an electrochemical process involving chemical reactions and the flow of current 
between anodic and cathodic sites on the metal surface. When steel corrodes in concrete, rust is deposited 
at the anodic site (area of steel that has a more positive potential in relation to the cathode) and can occupy 
a volume many times the volume of the original metal [263]. The expansive forces can eventually exceed 
the tensile strength of the surrounding concrete, leading to cracking and degradation of the structure.  
This chapter focus on the development of a fully distributed sensor system using a birefringent 
PCF which is able to capture the expansion force caused by this rust-forming process. 
The sensitivity of birefringent PCFs to changes in applied force was evaluated in chapter three 
and four.  
For this study, the HiBi PCF type 070107 P2 was chosen due to its higher sensitivity and sharp 
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interference pattern at relatively short lengths.  
The setup explained in figure 4.5 has been used for aligning the sensing fibre before mounting 
on a steel rebar.  
A HiBi PCF of L = 170 mm was fusion spliced to two lengths of SMFs and inserted into the 
rotators. A schematic of the alignment process is shown in figure 5.1. 
 
 
 
 
 
 
Figure 5.1 Schematic of the alignment rig used in this paper. 
It was found that a 5N weight applied on a 4× 4 cm produced a peak shift of 1 nm (0.125 N/mm 
→ 1 nm). Figure 5.2 (a) shows the wavelength shift of the sensor when a fixed load of 5 N is positioned 
at any point along the length of the sensing fibre. It is noted that the force sensitivity of this distributed 
sensor is constant irrespective of the location of the force. 
 
 
 
                       (a)                                                                                       (b) 
Figure 5.2 (a) Sensor alignment at a constant load of 5 N before mounting on the rebar. (b) Sensor response 
to 5 N after mounting to rebar. 
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                              (a)                                                                               (b) 
Figure 5.3 (a) Instrumated rebar with unprotected sensor. (b) Instrumented rebar with sensor protected by a 
thin layer of silicone. 
When the alignment was achieved, the rebar was gently positioned underneath the sensing 
fibre and spot-glued using rapid set epoxy. The sensor response after mounting on the rebar was 
evaluated by balancing the 5 N weight at positions between each of the epoxy points. It was found that 
the sensitivity had reduced slightly near the ends of the sensor as shown in figure 5.2 (b). This loss in 
sensitivity was likely due to an effect induced by the hardened epoxy covering the end splices. Figure 
5.3  shows the rebar instrumented with a bare (unprotected) sensor and a sensor protected by a thin layer 
of silicone. The protected sensor did not respond to the 5 N check due to the reduced sensitivity as a 
result of the protection, however a positive response occurred by manually exerting additional pressure. 
For each sensor, a hairpin loop was made with one of the free SMF ends, directed back to the 
top of the rebar and fixed into position using epoxy. Isolating heatshrink was used to confine the 
corroding area of the rebar to the sensing length. All splices were coated with a thin layer of epoxy and 
located underneath the heatshrink (outside the corroding zones). 
5.3 Accelerated corrosion tests 
Corrosion of steel in concrete in situ in many installations may take months to initiate, even if 
accelerated in the laboratory by exposing to either CO2 or chloride. As corrosion is an electrochemical 
reaction, electrical methods can be used to force corrosion [264]. This can be achieved in the laboratory 
by immersing a concrete-steel specimen in a solution of NaCl and connecting to a current source as 
shown in figure 5.4. The experimental program thus developed has been divided into two phases. 
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Figure 5.4    Accelerated corrosion test setup. 
 
A. Demonstration of the Sensing Principle (Rebar 1) 
The purpose of this was to transfer the sensing principle demonstrated using laboratory 
weights, in which a rapid accelerated corrosion trial of the bare PCF on the instrumented rebar is 
necessary. For this part, an accelerating current is applied, disconnected, and reapplied again to 
demonstrate whether peak shifts correspond to changes in corrosion rate. 
B. Accelerated Corrosion on Protected and Unprotected PCFs (Rebar 2) 
One of the major concerns with any sensing fibre is its durability when exposed to the wet and 
hardened concrete environment. 
Thus in this test, by mounting two sensors on opposite sides of the rebar [(one bare, and the 
other protected using the approach illustrated in figure 5.3 [(a) and (b)], a direct comparison could be 
made between sensors to investigate the effect of using protection (thin silicone coating). The 
accelerating current would also be monitored throughout the experiment. 
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For the concrete, a typical mix was prepared with a cement: sand: gravel weight ratio of 
1:2:2.25 and a water/cement ratio of 0.5 (for Rebar 2, salt was added during mixing). The concrete was 
poured and gently compacted into a prepared cylindrical mould with the sensor/rebar centrally 
positioned. Both ends of the SMF were connected to a coupler enabling connection to the sensor 
interrogator (Micron Optics SM125 which is used to replace the OSA and the light source shown in Fig. 
1). As the SMF fibres are not polarization maintaining, it was necessary to adjust the polarization 
conditions observed to generate the optimum spectral interference pattern (i.e. with maximum extinction 
ratio so that distinct peaks/valleys can be processed by the peak/valley detection and tracking 
algorithm). This was achieved by forming small loops with the SMF and arbitrarily adjusting the 
orientation (similar to the PC in figure 5.1) before fixing in position at the optimum pattern and peak 
tracking was initiated in the detection system. The concrete was cured at room temperature under moist 
conditions for two weeks, then demoulded and immersed in water. The peaks were then observed to test 
the stability under saturated conditions. After the signal had stabilized, salt was added to Rebar 1 and 
an accelerating voltage of 30 V was applied between the rebar and the mesh, as shown in figure 5.4. 
5.4 Results and discussion 
A. Rebar 1 
Almost immediately after the current was initiated, the peaks of the interference pattern began 
to shift dramatically and at a steady rate. To confirm that this was due to the corrosion acceleration 
effect, the current was switched off temporarily at 20 days (as can be seen from figure 5.5). 
An effect was seen immediately whereby the peaks initially stabilized and then slowly shifted 
downwards. On the assumption that the detected pressure was from the rapid build up of hydrated ferric 
oxide (rust), it would be expected that the pressure would dissipate slightly as the products relax into 
the concrete pores. After a dormant period of 0.5 days, the accelerating current was reapplied and again 
positive shifts in the peak positions could be seen almost immediately. The constant pressure induced 
by the constant accelerating voltage was seen to lead to a linear peak shift response (as expected from 
3).  
B. Rebar 2 
As salt was already included within the concrete mix, a significant peak shift was detected by 
the bare sensor during the curing stage (a gradual peak shift by 6 nm was seen) as shown in figure 5.6. 
Chapter 5   Application 
 122 
 
 
 
 
 
 
 
 
Figure 5.5. Validation of sensing concept using the accelerated corrosion test (Rebar 1). 
 
 
 
 
 
 
 
 
Figure 5.6. Behaviour of bare and silicone-protected PCFs under accelerated corrosion (Rebar 2). 
Once the peaks began to stabilize, the accelerating current was applied. Within minutes, the 
peak began to shift at a rapid rate. The protected silicone PCF showed an increase in the peak shift at a 
lower rate compared to that seen for the bare PCF. 
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However, the rate of increase was much greater than in the previous trial (rebar 1) which is 
likely due to adding salt at the mixing phase. While the sensitivity of the protected fibre is still seen to 
be lower, there was no delay in the reaction time. In Fig. 7, the measured accelerating current is also 
shown. The peak currents correspond to where the crack openings in the concrete are observed, as shown 
in figure 5.7. 
The opening of cracks allows more moisture/chloride to penetrate, which in turn leads to an 
increase in the corrosion rate. 
After the first main corrosion event, the bare sensor no longer responds to changes in corrosion 
rate, however, the protected fibre responds to subsequent increases in the corrosion rate (the peak is 
seen at ∼30.5 days). It was subsequently found that the bare sensor was damaged after the first crack 
was formed, therefore it could not respond to any further cracking events. However, the protected sensor 
has been able to survive over the entire testing period and retain sufficient sensitivity to detect 
subsequent cracking in addition to the first. 
 
 
 
 
 
 
 
 
Figure 5.7. Photo of corroding cylinder. 
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5.5 Summary 
This preliminary study has demonstrated that HiBi PCF fibres show excellent potential for 
effective in situ monitoring of the corrosion of reinforcing steel in concrete from the point where such 
corrosion has been initiated. Very useful information can thus be obtained from the sensors, showing a 
direct relationship between the measured pressure and the corrosion rate of the rebar. 
This direct sensing approach not only provides information on the corrosion rate itself but also 
acts as an ideal sensor for crack detection. The data obtained also allows an analysis of the direct stresses 
induced by the expansive corrosion reaction, which enable a furtherance of the better understanding of 
many aspects of topical civil engineering research. With a constant sensitivity achieved over the whole 
length of the sensing fibre, there is significant potential to embed such sensors along an entire length of 
rebar at selected points to determine stresses and cracking that occurs. 
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6.1 Summary and Conclusions 
The work carried out in this thesis aimed to develop a novel, optical pressure/force 
sensor using PM optical fibres, based solidly on the theoretical analysis of such fibres and their 
birefringence characteristics as a function of applied force/pressure. Based on the results 
obtained from this research and the achievements attained, the following summary of the work 
done and the conclusions made: 
 A review of conventional sensor systems, including different optical 
technologies used for pressure/force measurement, was made with several essential limitations 
being highlighted. 
This thesis has covered the theory, design, development, performance and laboratory 
investigation of different types of polarization-maintaining optical fibre sensors when they are 
subjected to external perturbation, such as transverse pressure/force. The material 
birefringence of an asymmetrical fibre was calculated using a thermo-elastic displacement 
potential method through the superposition of sectional displacement potentials. This involved 
the important theoretical analysis of two different types of fibre designs, i.e. Polarization-
Maintaining side hole fibre(s) with one or two hole(s) located in their cladding showing the 
potential of using such PM fibres for pressure/force measurement based on the birefringence 
characteristics of the fibres exposed to a transverse force. The methodology used is generic, 
and thus applicable to any one-hole fibre structure, should the hole diameter or position vary 
in the fibre cladding, or the fibre hole be empty or filled in with any material.  This enables 
the analysis to be applied more widely in a range of optical fibre sensor applications. 
The following specific goals have been achieved with real application potential 
 Direct measurement of transverse force through the interrogation of induced 
birefringence variation has been investigated in this thesis by using two specialist single mode 
Polarisation-Maintaining (PM) side-hole(s) fibres and also four different types of Hi-Bi and 
low-Bi PCFs.   Variations in the pressure sensitivity of the PM fibres with different 
orientation and magnitudes of the applied external force have been investigated both 
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theoretically and experimentally and it was confirmed that they are dependent upon sseveral 
key parameters of the system, including the fibre structure, the magnitude and the direction of 
the applied external force, the fibre length used and the birefringence of the fibre.  The theoretical data obtained have shown a good agreement with those from 
experiments, confirming the suitability of the use of such PM fibres for the measurement of 
pressure, force and mass of an object, applied in different directions, over a wide range and in 
real time.  The results obtained show that PCFs of low birefringence are more sensitive 
than those of high birefringence (Hi-Bi) although the former require a longer length to achieve 
a similar level of birefringence. Compared to conventional Hi-Bi fibres (e.g. Panda and Bow-
Tie fibres), PCFs have demonstrated much lower temperature sensitivity and this suggests that 
they are well suited to measure pressure, force, and mass in real time when temperature varies 
by using a fibre loop mirror (FLM) configuration. To solve the length problem in the low 
birefringence PCFs, a joint PCF approach was used by fusion-splicing a short length of Low-
Bi with a short section of a Hi-Bi PCF and their sensitivity to lateral pressure was investigated 
and reported in detail in this thesis. To achieve the best results, a polarization controller was 
used in a fibre loop mirror to ensure that the two joint PCFs maintained the same birefringence 
state angle. The results obtained show that the sensitivity of the joint fibres was lower than 
that of a single PCF with low and medium birefringence but more sensitive than that of the 
single high birefringent PCF.  A novel sensing technique has been designed and investigated for the direct, 
in situ detection of steel corrosion distributed in reinforced concrete structures. This new type 
of sensor not only determines the onset of corrosion but also allows for better monitoring along 
the length of a reinforcement bar. 
6.2 Future work 
The results obtained and reported in this thesis have shown that fibre structures play an 
important role in determining the sensitivity for pressure/force measurement therefore it is important to 
create a generic analytical model for fibre birefringence analysis, taking into account the complex fibre 
structures and thus the modelling results obtained would provide an important guidance for the fibre 
design, fabrication and optimization for various sensing purposes.  
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The theoretical analysis in this thesis is based on the assumption that fibre shape is considered 
to be unchanged while the lateral pressure/force is applied.  This introduces a discrepancy between the 
theoretical and experimental data obtained, in particular, when the applied force is increased above a 
certain level.  Therefore it would be useful to consider the fibre ‘distortion’ in the theoretical analysis 
when the applied force/pressure is varied and this would lead to a closer match between the theoretical 
and experimental 
The location of the applied force and its applied direction are usually required – so it would be 
important to work out a strategy which allows for multi-parameter measurement 
The sensor sensitivity is dependent on the orientation of the fibre, a new hallow core fibres 
could be a good choice to be used as a lateral pressure sensor as they have low sensitivity to temperature 
and high sensitivity to pressure, also they are not sensitive to direction. 
Joint fibres have investigated in this thesis for few PCFs, It can be developed for different types 
of fibres and also evaluate the fibres behaviour in the joint area, as the cross section of PCFs are 
different, light could be show different response to the pressure at the junction area for different PCFs  
It would be useful to see the use of PM fibres for industrial applications, for example, for 
structural condition monitoring, based on the success of the preliminary studies detailed in Chapter 5, 
where birefringent PCF fibres have been used successfully for corrosion onset monitoring.  More 
systematic evaluations are required to allow correlations to be made between the weight loss and the 
measured corrosion current/pressure variation.  
Other aspects of sensor development should be focused on sensor protection, corrosion 
location identification and determination of corrosion rate, thus creating sensor design improvements to 
meet industrial needs. 
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